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ITEM  8  -  EXHAUST  SYSTEM 
OBJECTIVES 

Pratt  &  Whitney  Aircraft  has  conducted  static 
(internal  flow  only)  and  wind  tunnel  (internal 
and  external  flow)  tests  of  scaie  models  of  the 
engine  exhaust  system,  including  thrust  rever¬ 
ter,  directed  toward  verification  of  the  exhaust 
system  performance. 


A.  INTRODUCTION 

The  goal  of  this  program  was  to  meet  or  exceed  the  following  exhaust 
system  performance  specifications  expressed  in  terms  of  the  thrust- 
minus -drag  coefficient  (Cpp)  at  typical  power  settings  for  the  follow¬ 
ing  flight  conditions: 
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Mach 

Nymber 


Condition 

Cruise 
Cruise 
Acceleration 
Cruise  to  Alternate 
Sea-Level  Take-Off 


CFP  With  2%  Secondary 
_ Air  Flow _ 

0.999 
0.999 
0.962 
0.935  ' 

0.  980 


v ■  *’ 1  '  -  -  ■  ~  . 


(Gross  Thrust  of  Primary  Flow  and  any  Secondary  Air)  - 

_ (External  Wave  Drag  and  All  Internal  Losses) _ 

Ideal  Gross  Thrust  of  Primary  Flow 


-The  goal  for  thrust  reversing  is  a  minimum  of  90  per  cent  reverse 
thrust  with  no  significant  engine  airflow  suppression.  ^ 

iDuring  the  course  of  the  contract  period*  a  systematic  o gram  has 
dbeert  followed  to  select  and  develop  an  operationally  flexible,  efficient 
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.  diausf  nozzle  system.  The  exhaust  system  has  been  shown  to  be  a 
very  critical  component  of  the  prcpulsion  unit,  and,  therefore,  it  must 
be  capable  of  high  performance  without  being  excessively  heavy  or 
complex.  During  Phase  I,  the  whole  field  of  available  exhaust  systems 
was  appraised  in  relation  to  the  supersonic  transport  requirements. 

The  two  most  promising  systems,  the  blow -in-door  ejector  and  the 
plug  nozzle,  were  then  selected  for  further  investigation. 

During  Phase  IIA,  the  blow-in-door  ejector  and  the  plug  nozzle  were 
compared  on  the  basis  of  internal  and  external  performance,  weight, 
mechanical  complexity,  and  compatibility  with  the  airframe  for  the 
supersonic  transport.  Further  parametric  experimentation  was  con¬ 
ducted  to  supplement  the  Phase  I  work  to  define  the  performance  poten¬ 
tial  of  both  exhaust  systems. 

B.  SUMMARY 

Two  engine  cycles  were  originally  considered  during  the  Phase  IIA 
program:- a  duct  burning  turbolan  and  a  partially  augmented  turbojet. 
Although  the  turbojet  was  later  eliminated,  programs  were  conducted 
f  j  evaluate  nozzles  for  both  cycles.  Neither  system  was  studied  as 
extensively  as  that  selected  for  the  STF219  engine. 

The  blow-in-door  ejector  was  chosen  for  th"  STF2I9  duct-heating  turbo¬ 
fan  engine  proposed  for  the  supersonic  transport  for  the  following 
reasons . 

1.  Superior  performance 
2i  Relatively  light  weight 

3.  Applicable  to  engines  with  large  amounts  of  augmentation 

4.  Relative  insensitivity  to  installation  effects 

5.  Reliability  since  no  linkage  is  required  between  the  ejector 
and  the  activated  portion  of  the  primary  nozzle 

6.  Convenient  adaptability  to  a  thrust  reverser  system 

7.  Effectiveness  as  a  noise  suppressor 


m' 


The  plug  nozzle  was  eliminated  for  the  co-annular  duct-heating  turbo¬ 
fan  engine  on  the  basis  of  the  analytical,  experimental,  and  design  studies 
conducted  during  both  Phase  land  Phase  IIA.  Its  performance,  weight, 
and  complexity  made  it  completely  unacceptable  for  the  supersonic 
transport. 
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The  performance  obtained  from  scale  monel  tests  of  the  blow-in  -'’wr 
ejector  selected  for  the  STF219  engine 'compares  very  tavDftSGly  with 
the  Pratt  &  Whitney  Aircraft  model  specification.  At  sea -level  take¬ 
off,  the  program  goal  w*»  <  achieved,  and,  at  Mach  0.9  cruise,  the  goal 
was  actually  exceeded.  The  performance  at  Mach  1.2  was  within  less 
than  one  per  cent  of  meeting  the  goal,  and,  at  superaonic  cruise,  the 
performance  was  within  approximately  one  per  cent  of  the  goal.  The  re¬ 
lative  success  in  essentially  meeting  the  goals  during  this  phase  of  the 
supersonic  transport  program  can  be  directly  attributed  to  the  weabh 
of  background  information  obtained  from  the  analyser,  at.d  tests  con¬ 
ducted  under  previous  research  and  development  programs.  Significant 
progress  was  also  made  during  Phase  ILA  in  demonstra ting  reverse 
thrust  coefficients  compatible  with  the  airframe  requirements. 


The  results  of  the  experimental  program  indicate  that  the  levels  of 
exhaust  nozzle  performance  established  as  program  goals  can  be  attain¬ 
ed  through  reasonable  development. 

C.  TEST  PROGRAM 

I.  NOZZLE  DESCRIPTION 

a .  Blow -in -Door  Ejector 

Tiie  blow-in-door  ejector  is  a  variable-geometry,  s eif -actuated  nozzle, 
which  aerodynamicaUy  adjusts  itself  to  the  correct  expansion  ratio  as 
engine  pressure  ratio  an4.frU.ght  Mach  number  vary. 

b.  Plug  Nozzle 

The  plug  nozzle,  like  the  blow -in-door  ejector,  can  provide  aerodynam- 
ically  adjusting  performance  characteristics.  In  this  type  of  exhaust 
system,  the  throat  is  annular  and  the  supersonic  expansion  of  the  ex¬ 
haust-  gases  takes  jdace  along  a  central  plug. 

c*  Performance  Definitions 


|;jL  {  ’  Tbt-  parameter  used  tor  present  the  exhaust  nozzle  performance  is  the 

'  groks  th  rusted  efficient; ,  Cjrjp.  This  coefficient  is  defined  as  the  sum 
l^ftT  '-J>£  l  4  birth o  gross  thrusts  from  the  primary  stream,  the  fan  stream,  and  the 

-:*  v  -'secondary  and' tertiary  streams  minus  the  sum  of  the  external  pressure 
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or  wave  drag,  the  internal  drag,,  and  the  ram  drag  of  aiiy  tertiary  air, 
all  ciwi.ted  by  the'  ideal  gross  thrust,  of  the  primary  and  fan.  streams. 

The  reverse  thrust  coefficient  is  defined  as  above  except  that  the  thrust 
and;  drag  are  of  the  same  signi. 

k  2.  TEST  FACILITIES  ' 

The  scale  model  exhaust  nozzles  and  thrust  reversers  for  the  super¬ 
sonic  transport  were  tested  at  United  Aircraft  Corporation  Research 
Laboratories.  The  facilities  used  included  a  static  test  stand,  a  con¬ 
tinuous-flow  interchangeable  subsonic -transonic  wind  tunnel,  and  a 
17-inch  by  17-inch  transonic-supersonic  blow-down  wind  tunnel. 

The  versatility  of  the  continuous -flow  wii.d  tunnel  has  been  extended 
by  the  addition  of  a  new  balance  that  splits,  meters,  and  throttles  three 
1  oncentric} flows.  This  balance  is  similar  to  the  one  in  use  in  the  17- 
inch  by  17 -inch  wind  tunnel. 

3.  DISCUSSION 

During  this  phase  of  the  program,  the  research  and  development  pro¬ 
grams,  initiated  under  the  previous  SST  contract  and  covered  by  Report 
PWA-2353,  was  extended;  to  cbvur  new  aspects  of  nozzle  operation. 
Included  \y*  re  studies  of  blow-in-door  ejectors  and  reversers  for  co - 
annular,  duct-he  «ting  turbofan  engines  and  exhaust  systems  for  a 
partially  augmented  turbojet  engine. 

ta.  Cc-Annular  Blow-In-Door  Ejectors 

Early  Testing  -  Early  testing  undtr  the  current  contract  was  conducted 
on  the  freely  floating  blow -in -door  ejector  for  which  calibration  tests 
had  been  conducted  under  the  previous  contract.  Testing  was  conducted 
in  the  eight-foot  section  of  the  main  wind  tunnel  at  the  United  Aircraft 
Corporation  Research  Laboratories,  since  better  accuracy  can  be  ob¬ 
tained  for  low  power,  subsonic  flow  with  this  wind  funnel  than  with  the 
previously  used  seventeen -inch  tunnel. 

The  results  of  the  test  scries  together  with  the  results  obtained  pre- 
viously  are  shown  in  Figure  8-1.  A  summary  of  the  performance 
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obtained  as  a  function  of  Mach  number  is  shown  in  Figure  8-2.  The 
performance  indicated  by  these  tests  w«s  as  much  as  five  per  cent  better 
than  that  obtained  in  the  seventeen-inch  tunnel,  but  it  is  somewhat  lower 
than  desired,  particularly  with  high  subsonic.  How.  Although  previous 
tests  of  fixed  ejectors  have  indicated  that  higher  performance  levels 
can  be  obtained,  it  is  noted  that  the  fixed  version  of  the  freely  floating 
ejector  was  not  tested,  and  that  the  freely  floating  model  was  designed 
to  meet  the  requirements  of  an  earlier  duct-heating  turbofan  engine, 
and,  therefore,  does  not  represent  the  geometry  or  performance  an¬ 
ticipated  for  the  STF219  engine. 


The  performance  obtained  was  lower  than  desired  because  the  inter¬ 
actions  between  the  ejector  design  variables,  which  were  determined 
from  parametric  studies  of  the  fixed  model  test  results,  were  under¬ 
estimated.  Consequently ,  a  program  ,vas  undertaken  to  better  establish 
the  pertinent  design  criteria  and  to  investigate  various  aspects  of 
freely  floating  ejector  operation. 


Exploratoiy  tests  were  conducted  at  Mach  0.9  at  conditions  simulat¬ 
ing  a  33  per  cent  power  ?  -tting  without  duct  heating  to  represent  typical 
subsonic  cruise  operation.  It  was  found  that  the  compromises  made 
in  designing  the  shroud  for  supersonic  operation  produced  greater 
aerodynamic  losses  during  subsonic  operation  than  anticipated.  A 
three  per  cent  loss  was  incurred  by  the  increase  in  the  external  wave 
drag  generated  by  the  steep  conical  boat-tail  angles  associated  with 
the  trailing  edge  flaps  in  their  closed  position,  and  a  two  per  cent  loss 
occurred  at  the  forward,  inner  portion  of  the  shroud.  Additional  test¬ 
ing  indicated  that  the  external  wave  drag  could  be  reduced  by  ad¬ 
justing  the  stops  on  the  trailing  edge  flaps  to  increase  the  minimum 
exit  area.  The  losses  at  the  shroud  could  be  eliminated  by  redesigning 
the  shroud  leading  edge.  These  changes  were  subsequertly  evaluated 
at  supersonic  cruise  conditions  and  were  found  to  have  essentially  no  . 
adverse  effect. 


Additional  testing  was  conducted  to  evaluate  other  aspects  of  the  ejec¬ 
tor  design  during  subsonic  operation.  The  use  of  tandem  blow-in-doors 
to  produce  a  cylindrical  contour  during  supersonic  cruise,  rather  than 
a  single  door,  produced  a  small  loss  during  subsonic  operation.  Leak¬ 
age  around  the  blow-in -doors  was  found  to  improve  the  performance 
by  approximately  0.5  per  cent. 
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The  blow -in- door  area  beneath  the  struts  in. the  plane  of  the  shroud 
leading  edge  was  blpcked  off  by  extending  the  struts  radially,  toward 
fee  centerline.  This  area  constitutes  approximately  15  per  cent  of 
the  blow-in-door  area,  and  it  was  desired  to  determine  whether  active 
flow  occurred  in  this  area.  Blocking  the  area  produced  a  loss  of 
approximately  one  per  cent,  indicating  that  active  flow  does  occur. 

Experimental  studies  were  conducted  to  investigate  the  effects  of 
changes  to  the  ejector  geometry.  For  one  test  series^  the  trailing 
edge  flaps  were  held  closed  and  the  blow-in-doors  held  at  various  posi¬ 
tions  at  several  important  flight  conditions.  The  results  are  shown 
in  Figure  8-3.  At  Mach  0  with  maximum  duct  heating  and  at  Mach  0.9 
cruise,  closing  the  doors  decreases  the  performance  by  approximately 
seven  per  cent.  At  Mach  1.2,  however,  closing  the  doors  increases  the 
performance  by  approximately  three  per  cent.  These  results  are  not 
representative  of  normal  operation,  however,  since  normally  the  flaps 
would  open  as  the  Mach  number  Increased. 
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in  conjunction  with  the  study  described  above,  a  series  of  tests  were 
conducted  to  evaluate  the  effect  of  the  trailing  edge  flap  position  at 
several  flight  conditions  and  with  the  blow-in  doors  permitted  to  float 
.  freely.  The  results  obtained  from  diis  series  are  presented  in  Figure 
8rlV.  At  Mach  0,  varying  the  exit  area  produces  a  negligible  effect. 

At  Mach  0.  9  cruise,  however,  increasing  the  exit  area  from  the  mini¬ 
mum  to  the  maximum  decreases  the  nozzle  performance  by  1 1  per  cent. 
At  Mach  1.2  with  maximum  duct  heating,  the  nozzle  performance  is 
not  very  sensitive  to  changes  in  the  exit  area  except  at  the  very  low 
area  ratios.  The  results  shown  in  Figure  8-4  indicate  that  significant 
improvements  in  subsonic  nozzle  performance  can  be  achieved  by 
simply  changing  the  inner  stop  on  the  trailing  edge  flaps.  It  shows 
that  a  slightly  larger  minimum  exit  area  would  be  highly  advantageous 
for  all  three  operating  conditions. 
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The  secondary  cooling  flow  associated  with  blow-in-door  ejectors  was 
also  investigated.  An  attempt  was  made  to  replace  the  conventional 
secondary  flow  with  flow  through  the  blow-in  doors.  A  model  was 
modified  by  drilling  small  holes  in  the  upstream  section  of  the  fore- 
body,.  as  shown  in  Figure  8-5,  to  permit  secondary  air  to  be  drawn  in. 
The  results  of  testing  the  modified  ejector  are  shown  in  Figures  8-6 
and  8-7  with  and  without  duct  heating  at  Mach  0,  0.  6,  and  0.  9.  No 
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'  significant  improvement  in  performance  was  obtained,,  but  it  is  believed-' 
thatTan  improverhent  could  be  realized  b}r,resizing  and  relocating  the 
oKoles  closer  to  the  primary  nozzle  asse/nbly;. 

In  addition  to  the  subsonic  test  programs,  several  ejector  designs  were 
te.sted;Nat  Mach  2.6  to  simulate  operation  during  supersonic  cruise. 
.Attention  was  directed  primarily  to  the  effects  produced  by  changing 
the  shroud  and  primary  nozzle  geometries.  The  investigation  of  the  . 
effect  6i  changing, the  shroud  geometry  demonstrated  that  the  cruise 
performance  could  be  predicted  to  within  two  per  cent  and  that  the  change 
in  performance  resulting  from  a  change  in  the  minimum  internal  dia¬ 
meter  cf  the  shroud  could  be  minimized  through  proper  design.  It  was 
demonstrated  that  the  minimum  diameter  could  be  moved  downstream 
with  a  performance  change  which  was  no  greater  than  one  per  cent  pro¬ 
viding  thdt  the  translation  was  conducted  along  the  estimated  streamline 
of  the  primary  jet.  Consequently,  considerable  freedom  may  be  ex¬ 
ercised  in' the  design  of  the  shroud  to  produce  an  ejector  capable  of  high 
performance  in  the  subsonic,  transonic,  and  supersonic  regimes. 

The  configurations  tested  to  evaluate  the  effect  of  changing  the  nozzle 
geometry  are  shown  in  Figures  8-8  and  8-9.  The  engine  primary- 
stream  area  ratio  was  varied  from  1,  00  to  2.  37,  and  the  fan  stream 

"  7*  *  ‘  ' 

area  ratio  was  varied  from  1.  18  to  2.  12.  The  changes  to  the  primary 
stream  area  ratio  produced  a  maximum  performance  change  of  2  per 
cent,  but  most  of  the  results  were  within  0.75  per  cent.  The  over-all 
performance  at  simulated  supersonic  cruise  conditions  was  within  one 
per  cent  of  the  predicted  value. 

These  tests  indicated  that,  within  the  range  considered,  no  single 
shroud  design  is  significantly  superior  to  the  others  and  that  the  over¬ 
all  ejector  performance  is  slightly  more  sensitive  to  changes  in  the 
shroud  geometry  than  to  changes  in  the  primary  geometry.  However, 
the  two  systems  must  act  as  one  efficient  unit  and  must  be  developed 
simultaneously.  Although  the  performance  improvements  demonstrated 
were  small,  they  must  be  considered  at  this  stage  of  the  program  if  the. 
high  performance  goals  are  to  be  realized. 
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Recent  Studies  -  STF219  Ejector  Design  -  The  early  exhaust  nozzle 
!^Co?ih^rer^d-par.^%tri.c-!^|ff)^:^^,^|j^^'s^e*-o^4e  early. 
SST  engine  and  ejector  concepts.  Wheh  ihe  engine  cycle  (STF21 9) 
was  selected  during  the  Phase  ILA. program ^  die L-Jknpjyredg®- gained  from 
the  previous  exhaust  system  studies  was  used  to  design-  a  series  of  blow- 
in-door  ejector  models 

ditioris.  These  are  showninFigure  8^10..  .Althpughithe-finaiwengine 
parameter  s  used  in  the-  model  .specification  differ  slightly  from:  those 
used1  in  the  design  of  the  mod  els,,  thedyer-all  effect-of  thediffekences 
ar.e^iio t-c  on,side  red  to  be  significant*! 


The  models  tested  had  fixed  geometries  which  simulated  the  geometries 
of  a  consistent  variable -geometry  ejector  at  sea-level  take-off,  Mach' 
0.  9  cruise,  Mach  1.2  acceleration  (maximum  duct  heating),.  and^Mach  7 
2.7  cruise.  The  model  is  shown  schematically,  in  FigurcNlrll. 


,  JwW^ 


As  in  tne  previous , blow-in-door  ejector  programs,  alternate  configura¬ 
tions  were  constructed  and  tested  to  evaluate  the  effects  of  changing 
design  parameters  known  to  exert  a  strong,  influence  on  performance.. 
Comparisons  were,  then  made  with  the  basic  design.  The  results  are 
shown  in  Figures  8-12  through  8-15.  The  solid  symbol  on  each  curve 
denotes  the  basic  design  data*  : 


The  nozzle  area  ratio,  Aexit /  A  *tota  1  *  has  a  negligible  effect  over  the 
fftbge  tested  at  both  sea-level  take-off-  and  at  Mach  0.  9  cruise  (the  upper 
curves,  of  Figures  8-12  and  8-13),  but  a  somewhat  more  pronounced 
effect  at  Mach  I.  2  (Figure  8-14).  The  lower  value  of  Cp.p,  shown  at. 
Mach  0.  9  for  the  basic  design  is  due  to  a  difference  in  the  internaLcon- 
tour  of  the  other  shrouds  tested.  The  effect  of  changes  to  the  blow-in¬ 
door  areaj.  Abid/A*j-otali  is  also  shown  in  Figures  8-12  and  8-13  at 
sea-level  take-off  and  at  Mach  0.  9  with  the  effect  being  most  pronounced 
at  Mach;  0.  9..  .Previous  tests  have  indicated,  that  the  blow-in-door  s 
should  be  sized  for  optimum  subsonic  cruise  performance.  During 
Supersonic  cruise,,  where  the  blow-in  doors  are  closed  and  the  trailing 
edge  flaps  fuily  extended,  the  internal  shroud  shape  is  most  important.. 
aOne  critical  parameter  is  the  location  of  the  minimum,  shroud  diameter 
location.  The  effect  of  moving  the  minimum  shroud  diameter  is  shown 
in  #ieUr:e-:8r 't5i*  — 
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T.h’es6  t%'sf|'  indic2tGd  that  the  ejector  selected  for  the  STF21.9  demon .-  . 

strates  near  maximum  performance  for  the  range  of  variables  tested 
at  takfe-p.fi;. at  subsonic  cruise,  and^at  the  critical  Jvlacfe  1..2  accelera¬ 
tion' condition.  It  appears,  however,  tliat  a  further  optimization* of  the 
internal  shroud  shape  may  imprdye  the  performance  during  supersonic 
cruise.  Comparison  of  the  experimental  results  with  those. predicted;  by 
a  theoretical  analysis  of  three  concentric  flows  program m ed  on  a  -high -  - 
speed  computer  (see  Figure  8-16)  indicates  that  additional  performance.  _ 
improvement  might  be  made,  but  that  the  experimental  levels  obtained 
are  reasonable.  The  performance  of  the  STF2 19-ejector  and  the  per¬ 
formance  specified  by  the  Phase  IIA  model  specification  ere  shown  in 
Figure  8-17,  As  shown,  at  sea -level  take-off,  the  goal  has  been 
achieved,  and,  at  Mach  0.9,  the  goal  was  exceeded.  The  performance 
at  htfach  1 . 2  is  within  less  than  one  per  cent  of  the  goal,  and,  for  super¬ 
sonic  cruise,  the.  performance  is  approximately- .one  per  cent  less  than 
that  specified.  Consequently,  the  experimental  program  ha?  demonstrated 
that,  with  reasonable  development,  the  model  specification  goals  for 
the  STF219  blow-in-door  ejector  can  be  met. 

b.  Blow-In-Door  Ejector  Reversers 

During  this  report  period,  the  basic  reverser  program  discussed  in 
Pratt  &  Whitney  Aircraft  Report  PWA-2353  was  continued  wuth  new 
aspects  of  the  reverser  design  being  considered.  The  effect  of  installa¬ 
tion  blow -in -door  blockage,  flight  Mach  number,  and  cngine-to-duct 
total  pressure  ratio  were  ail  considered.  Reverse  thrust  coefficients 
of  over  40  per  cent  (the  minimum  thrust  reversing  goal)  were  obtained 
statically,  arid,  at  Mach  0.9,  coefficients  in  excess  of  75  per  cent  were 
obtained. 

Installation  blockages  were  simulated  by  modifying  an  available  model 
as  shown  in  Figure  8-18.  These  blockages,  representing  two  typical 
installations,  result  in  large  reductions  in  the  usable  blovv-in-door 
area  for  thrust  reversing.  The  blockage  to  the  airflow  necessitates 
that  some  oPthe  flow  be  bled  past  the  reverser.  This  flow,  however, 
•results  in  forward  thrust.  Consequently,  a  device  was  developed  to 
spoil  the  forward  thrust.  The  spoilv;r  is  shown  in  Figure  8-18  and  the 
test  results  in  Figure  8-19.  With  five  doors  blocked  and  without  the 
spoiler,  the  reverse  thrust  coefficient  was  about  20  per  cent.  With  the 
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spoiler  and  a  23  per  cent  bleed  flow,  however,  a  reverse  thrust  coefficient 
of -40  per  cent  was  achieved.  At  other  operating  conditions  than  that 
.tested  when  the  total  pressure  ratio  of  the  two  streams  is  larger  and 
the  effect  of  the  blow-in-door  blockage  is  larger,  the  spoiler  can  bo  ’  - 

used  to  even  greater  advantage  to  maintain  a  satisfactory  reverse  thrust  . 
level.  - 

The  effect  of  flight  Mach  number  on  revorser  performance  was  evaluated 
for  an  ejector  with  four  doors  blocked  and  with  unspoiled,  low  bleed 
flow,  and  for  an  ejector  with  five  doors  blocked  and  with  spoiled  high 
bleed  flow.  The  results  are  presented  in  Figures  8-20  and  8-21, 
respectively.  In  each  case,  the  reverse  thrust  increases  significantly 
vvith  Mach  number  with  the  reversor  with  the  unspoiled  bleed  showing 
the  greater  effect.  The  increase  is  caused  by  increased,  external  drag 
and  by  base  preu.„:e  effects.  The  use  of  large  amounts  of  bleed  flow 
tends  to  pressurize,  the_ba.se-  are<->_  and  reduce  the drag  ..effect,  -consequently-"- 
reducing  the  sensitivity  of  the  reverse  thrust  coefficient  to  Mach  num¬ 
ber. 

The  results  of  exploratory  tests  to  evaluate  the  effect  of  the  tolal  pres¬ 
sure  ratio  between  the  fan  and  engine  streams  are  shown  in  .Figure  8-22. 

The  reverse  thrust  coefficient  is  essentially  unaffected  ny  the  pres¬ 
sure  ratio  split,  but  the  flow  coefficients  of  the  individual  streams  are 
affected.  The  engine  stream  becomes  highly  suppressed  as  the  pres¬ 
sure  ratio  is  increased  above  1.0.  (The  STF219  engine  has  a  fan-to- 
engine  pressure  ratio  of  approximately  1.1).  These  tests , however , 
were  conducted  without  bleed  flow  to  permit  the  worst  case  of  suppression 
to  be  investigated.  Bleed  flow,  of  course,  relieves  the  engine  sup¬ 
pression  at  high  pressure -ratios  and  the  Ian  suppression  at  low  pressure 
ratios.  — 


■  -at-  ; 


Since  these  tests  were  conducted  on  a  model  whic.i  closely  approximates 
the  ST.F219  ejector,  the  results  obtained  indicate  that  a  satisfactory  re- 
verser  can  be  incorporated  into  the  STF219  ejector  and  that  the  required 
levels  of  reyc.rsc  thrust  can  be  obtained  without  appreciable  suppression 
of  either  the  engine  or  duct  streams. 

c .  Exhaust  Systems  for  a  Partially  Augmented  Turbojet-Engine . 


if 


Early  in  the  Phase  IIA  program,  before  the  selection  of  the  S1F219 
aQct  heating  engine,  a  partially  augmented  turbojet  engine  (the 
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‘STJ227)  was  actively  considered.  Consequently,  an  experimental  in> 
vestigation  was  conducted  on  exhaust  systems  for  this  engine.-  Two 
types  of  nozzles  vvere  considered:  a  blow-in-door  ejector  and  a  plug 
nozzle.  The'TcTJtor ,  while  found  to  be  impractical  for  the  co -annular 
duct  burning"  turbofan,  was  known  to  be  competitive  with  the  blow-in¬ 
door  ejt’ctor  for  a  low-augmentation  turbojet.  With  low  augmentation 
rates,  cooling  of  the  plug  nozzle  is  not  prohibitive  rind  the  jet  area 
variations  required  are  comparatively  small  so  that  the  plug  nozzle  is 
feasible. 

A  Series  of  scale  models  of  both  a  blow-in-door  ejector  and  a  plug 
nozzle  were  constructed  and  tested  at  sea-level  take-off,  Mach  0.9 
cruise,  Mach  1.2  acc "deration,  and  Mach  2.7  cruise  to  establish  per¬ 
formance  levels.  Tli  .•  engine  parameters  used  in  designing  the  exhaust 
systems  are  shown  in  Table  8-1 

TABLK  8-1 


Partially  Augmented  Turbojet  Engine  Operating  Conditions 
(Nacelle  Diameter  =  90.3  Inches) 


■  ■ 

Mach 

Number 

Flight 

Condition 

Altitude 

(Feet) 

Ptr/P.-,m 

Aj  cd 
(Sq.  Ft. 

*  ’  -  ..  \ 

0 

Take-Off 

0 

3.39 

9.  11 

’£!bc*  %^\ 

0.9 

Cruise 

36150 

3.33 

9.7 

|p>’  -  .• 

1.2 

Accel. 

45000 

7.25 

12.  1 

1 .  6 

Acc  el. 

45000 

IT.  35  _ 

12.  1 

m  '•  .  ----- 

2.0 

Accel. 

45000 

16.0 

12.  1 

2.7 

Cruise 

65000 

25.2 

12.4 

’|v.  ••- 

a.  6 

Cruise 

65000 

32.  5 

12.  i 

jjjlj  V  >«**.  —  s> 

Blow-In-Door 

Ej'ector  Tests 

-  A  schematic 

drawing  of  the 

blow-in- 

r  >£ 
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door  ejector  model  designed  lor  the  STJ227  partially  augmented  turbo¬ 
jet  is  shown  in  Figure  8-23.  Fixed  geometry  models,  simulating  the 
geometry"  at  the  various  operating  conditions,  were  used.  Similar  to 
the  program  for  the  STF219  blow-in-door  ejector,  the  variables  studied 
were  the  nozzle  "area  ratio,  the  blow-in-door  area  (jr.atio,  and  fhe  minimum 
shroud  diameter-location.  Tire  test  results  appcarUn  Figures  8-24  through 
8-26. 
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’results  are  for  an  early  design,  and  that  the  development  program  was 
:4%&fninated  when  the  STF219  engine  was  selected*. 


The  large  discrepancy  between  the  basic  design  perfo  rr.ance  and  that 
of  the  other  designs  tested  at  Mach  0.9  is  primarily  «  result  of  changes 
in  the  internal  shroud  contour.  The  basic  design  had  an  over-all  diverg¬ 
ing  contour  such  that  the  exit  diameter  was  greater  than  the  minimum 
s.hroud  diameter,  whereas  the  models  had  an  exit  diameter  equal  to  the 
minimum  shroud  diameter. 

Figure  8-26  shows  the  effect  on  performance  of  varying  the  shroud 
contour  for  Mach  2.7  cruise.  As  shown,  the  contour  of  the  basic  de¬ 
sign  provides  nearly  optimum  performance. 
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The  over-all  performance  as  a  function  of  Mach  nuVnber  is  shown  in 
Figure  8-27.  The  performance  at  sea -level  take-off  and  a't  M_.eh  2.7 
cruise  met  the  specified  goals.  The  subsonic  cruise  and  transonic 
acceleration  performance,  however,  is  substantially  below  optimum ,  but 
examination  of  Figures  8-24  and  8-25  indicates  that  changes  \n  the  blow- 
in-door  area,  the  trailing  edge  hinge  point  location,  and  the  nozzle 
exit  area  when  the  flaps  are  fully  retracted  could  produce  large  per¬ 
formance  improvements  with  little  or  no  change  in  the  Mach  2.7  per¬ 
formance. 

Plug  Nozzle  Tests  -  The  plug  nozzles  tested  are  shown  in  Figure  8-28. 
Two-test  series  were  conikicted.  In  the  first,  the  effects  of  changes  to 
the  nozzle  area  ratio,  the  amount  of  plug  truncation,  and  the  plug  con¬ 
tour  were  investigated  using  an  external  expansion  plug  nozzle.  In 
late  retests,,  the  effects  of  changes  to  the  nozzle  area  and  the  plug  con¬ 
tour  .were  investigated  using  a  multiple  expansion  plug  nozzle. 

For  the  first  series,  each  nozzle  had  the  same  thi  at  or  jet  area  but 
different  exit  areas.  They  were  tested  at  Mach  0,  0.9,  and  1.2 
simulating  non-afterburning  operation.  The  influence  of  the  nozzle 
area  ratio  on  performance  is  shown  in  Figure  8-29.  As  shown,  decreas¬ 
ing  the  area  ratio  improved  the  performance.  Moderate  amounts  of 
plug  truncation  were  found  to  have  little  effect  on  the  nozzle  performance. 
As  shown  in  Figure  8-30,  more  than  50  per  cent  of  the  total  plug  length 
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* .eliminated  with  little  or  no  loss. 

:.  antf  Mach  2.  6  indicated  that,  with  less  than  50  per  cent  of  the 


Analysis  of  the  test  data  at 


.cr^ 


piugfruncated ,  the  plug  base  force  approached  the  level  .of  thrust  that 
.„rs'  the  portion  of  the  plug  that  was  truncated. 

.%*•>-  '  WiJh  mbVe  than  SO  per  cent  of  the  plug  removed ,  however,  the  thrust 
*  ;that  could  be  obtained  .from  the  removed  portion  exceeded  the  plug  base 

and  the  over -all  performance  decreased.  Figure  8-31  shows 
1  the'  thrust  available  on  the  complete  plug  and  the  force  measured  on  the 
v  base  of  the  truncated  cones. 


The  effe  :f  of  changes  to  the  plug  contour  was  studied  by  testing  conical 
plugs  and  plugs  with  isentropic  contours.  The  results,  shown  in  Fig- 
tirb  8-3  show  that  the  isentropic  contour  is  superior  to  the  conical 
copto-'-  at  static  conditions  and  is  inferior  at  Mach  0.9.  At  Mach  1.2, 

. ,  neither  plug.hds  a  distinct  advantage  over  the  other.  Schlieren  photo- 
,gr  .phs  indicated  that  over  expansion  occurred  at  the  upstream  portion 
of/the  conical  plug  as  a  result  of  the  reduced  throat  turning  angle.  The 
’•  e suiting  billowing  of  the  jet  interacting  with  the  external  flow  increased 
the  external  pressures  and  reduced  the  external  drag.  Increased  pres¬ 
sures  on  the  end  of  the  plug  were  created  by  recompression  of  the  flow, 
consequently,  the  over-all  performance  of  the  conical  plug  was  better 
than  that  of  the  isentropic  plug  at  certain  operating  conditions  where 
l he- external  drag  has’  a  large  ‘ufluence  oh  theover-all  performance. 
T.heidrag^on  the  isentropic  and  conical  plugs  is  shown  in  Figure  8-33. 

^  .^tu.iti§i  festirtg  with  a  multiple  expansion  plug  nozzle  was  conducted  at 
P.urnber's  between  1.2  and  2.6.  Good  peiformance  was  obtained 
at  Jilgli^s vipeis on ic  flows  (see  Figure  8-34),  but  the  transonic  perfor- 
-  _  niahee  wasnot  as  good  a. s  that  of  the  single  expansion  plug  nozzle. 
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Later  testing  with  the  multiple  expansion  plug  nozzle  was  conducted  to 
investigate  the  effect  of  ch4pg.es  to  the  area  ratio  produced  by  pivoting 
'  .  ''th'e  shrqud. anefby  changing  the  plug  cone  angle.  With  low  pressure 
ratios ,  the  internal  area  ratio  was  found  to  be  quite  important  in  keep- 
tRe\ov  ereaqpa  ns  ion  losses  to  a  minimum.  At  Mach  1.2  (Figure  8- 
?5)»  large  performance  losses  can  occur  with  large  internal  area  ratios. 
These  losses  are  larger  than  would  be  expected  on  the  basis  of  the  area  , 
ratio  alone  since  the  portion  of  the  plug  affected  by  the  external  flow 
decreases  as  the  internal  area  ratio  increases,  thereby  compounding 
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:|^^^V^^xrr^:j5v^  Mach  2,6,  tlie  data  substantially  agrees  with  the  theoretical  per- 
^’^/'Yoi'tfiance  values.  At  tin's  flight  ■condition,  the  pressure  .ratios  are 
'/?."■  igrfeater,  and,*  therefore,  ov.erexpa.nsion  is  no  longer  a  problem. 
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Figure  8.-36  shows  the  combined  effects  of  changes  to  the  plug  cone  angle 
and  to  the  internal  area  ratio  on  the  nozzle  performance  at  Mach  2.6, 

•It  Can  be  seen  that  a  severe  decrease  in  performance  occurred  as  the 
cOne  angle  was  increased.  This  drop  occurred  because  some  of  the 
shrouds  used  were  not  long  enough  to  accommodate  the  large  amounts 
of  internal  expansion  associated  with  large  cone  angles,  that  is,  the 
last  Mach  line  associated  with  the  internal  expansion  extended  out  be¬ 
yond  the  end  of  the  shroud,  ft  would  be  possible  to  use  the  shorter, 
steep-angle  plugs  by  redesigning  the  shroud  to  match.  In  Figure  8-37, 
the  performance  at  Mach  1.2  also  decreases  for  the  plugs  with  large 
cone  angles.  At  th.ese  operating  pressure  ratios,  the  large  internal 
area  ratios  associated  with  the  steep  cone  angle  _reatedvseveral  over¬ 
expansion  losses. 
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A.  summary  of  the  plug  nozzle  tests  is  presented  in  Figure  8-38  together 
with  the  estimated  blow-in-door  ejector  performance  for  the  same  en¬ 
gine  cycle.  For  a  more  meaningful  comparison,  the  plug  nozzle  per¬ 
formance  has  been  modified  to  account  for  the  thrust  of  the  secondary 
cooling  air  used  in  estimating  the  performance  of  the  blow-in-door 
ejector.  This  thrust  is  calculated  for  2  per  cent  (temperature  correct¬ 
ed)  cooling  flow  at  reprcsenlativepressure  levels.  It  can  be  seen  that 
•  the  plug  nozzle  performance  is,  in  general,  comparable  to  that  of  a 
blow -ip -door  ejector  for  a  turbojet  powerplant.  Although  the  investi¬ 
gation  was  somewhat  limited,  the  results  indicate  that  high  performance 
level's  cati  be  obtained  with  a  plug  nozzle  system  over  the  complete 
^operating  range.  The  required  nozzle  would  necessarily  employ  geo¬ 
metric  variations  to  provide  a  multiple  expansion  nozzle  similar  to  the 
models  tested  at  supersonic  flight  conditions  and  still  yield  the  single¬ 
expansion  .plug  nozzle  performance  subsonically.  Weight  and  complexity 
of  the  mechanical  arrangement,  however,  could  reduce  its  over-all 
effectiveness. 
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CHARACTERISTICS  OF  PRIMARY  ENGINE  NOZZLES  EVALUATED 


Figure  8-9 
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Mach 

Number 

Flight 

Condition 

Fte/  Fain 

Ftf/P  am 

Aj  Cdy 
(sq  ft) 

AjCdf 
(sq  ft) 

0 

Sea  Level 

2.  13 

2.42 

4. 96 

8.  33  ' 

0.9 

Cruise 

2.  90 

3.48 

4.  96 

4.  36 

1.2 

Accel 

9.  19 

9.  84 

4. 96 

8.47 

2.  7 

C  ruise 

Id.  68 

29.  08 

4.96 

9.46 

Note:  The  final  engine  conditions  used  in  the  model  specification  differ 
slightly  from  these  values. 


STF219  ENGINE  OPERATING  CONDITIONS  USED  FOR 
EXHAUST  NOZZLE  MODELS 


Figure  8-10 


M(t<W*lr  *»*8»  •*  ••*»* 
OOO  *#»*>»• 


CONFIDENTIAL 


SOLID  SYMBOL 
DENOTES  BASIC 
DESIGN  CONFIG 
! 


**--  nft*  ■» v<  >  *n\ 


d0?I:-:.y 

v- 


’ 


CONFIDENTIAL 


f*RAYT  A  WHITNer  AIRCHAFT 


PWA-239? 


M«  =  2.7  CRUISE 
W.  R.  =  0.02 


SECONDARY  FLOW!!!  . '**^/7ZZZZZ2Z*- 


'MAX 


FAN  FLOW 

“fWw  - 


aZZZZZZu 


'EXIT 


ENGINE  FLOW- 


a. 

u. 

O 


.00 


0.96 


0.92 


C.88 


0.84 


0.80 


0 


0.1 


r  ^ 
* 

— 

cr 

Cr~ 

1  DS/DMAX 

— i 

.  ■"'G  0.825 

! 

! 

___j 

- 

0.781 

i  0.889 

j 

i 

i 

! 

. 

SOLID  SY 
BASIC  DE 

M80L  DENI 
.SIGN  CONF 

JTES 

TG 

i 

_ i _ i _ _ 

1 

i 

i 

! 

! 

_ 

0.2  0.3  0.4 

I-s/Dmax 


0.5 


0.6 


KFFECT  OF  .SHpr'i,D  GEOMETRY  ON  SUPERSONIC  BLOW- IN 
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SCALE  MODEL  STF2  >9  BLO'A-IN  DOOR  EJECTOR 
PERFORMANCE  AND  PHASE  IIA  MODE!  SPECIFICATION 
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Figure  8-  I  7 
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SCHEMATIC  DIAGRAM  OF  CO-ANNULAR 
BLOW-IN  DOOR  EJ ECTOR- REVERSER  MODELS 
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Figure  8-22 
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SCHEMATIC  DIAGRAM  OF  MODEL  USED  TO  SIMULATE 
PARTIALLY  AUGMENTED  TURBOJET 
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EFFECT  OF  PLUG  TRUNCATION  ON  NOZZLE  PERFORMANCE 
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ITEM  9  -  NOISE  REDUCTION 


OBJECTIVE 


The  objective  of  the  noise  reduction  work  was  to 
obtain  information  on  noise  suppression  devices 
and  techniques  which  could  be  incorporated  into 
the  design  of  the  SST  airplane.  During  Phase  II-A 
of  the  program,  variations  of  model  inlets  and  noz¬ 
zles  and  fan  duct  treatments  were  tested  to  determine 
their  effect  on  noise  generation.  The  goal  of  this 
program  was  to  obtain  information  which  may  be 
used  to  design  a  SST  airplane  that  will  meet  or  better 
the  FAA  specified  nqise  levels  of:  1)  l  IB  PNdb  at  1500 
feet  from  the  centefline  of  the  runway  during  the  take¬ 
off  roll,  2)  108  PNdb  at  a  point  three  miles  from  the 
start  of  the  take-off  roll,  and  3)  118  PNdb  at  a  point  one 
mile  from  the  end  of  the  runway  beneath  the  approach 
flight  path. 


A.  INTRODUCTION 


The  ability  of  the  SST  airplane  to  have  acceptabre'noije  levels,  depend.* 
on  its  low  speed  performance  characteristics,  the  engine  size^  and 
the  noise  radiated  from  the  engine  at  take-off  and  approach  puwer  set¬ 
tings..  A  satisfactory  solution  to  the  aircraft  i  lise  problem  can  be 
obtained  by  the  joint  efforts  of  the  airplane  and  engine  manufacturers. 


In  order  that  the  SST  airplane  be  capable  of  profitable  operation,  numer¬ 
ous  features  of  the  engine  and  airframe  design  must  be  optimized  for 
the- many  operating  regimes' -invoivea  in  a  complete  mission.  Design  of 
the  airframe  and  engine  must  cuso  be  optimized  from  the  noise  stand¬ 
point,  without  violating  an-  of  the  economic  or  safety  ground  rules.  To 
obtain  low  noise  levels,  the  engine  size  and  cycle  should  be  selected 
and  developed  to  produce  minimum  noise  while  meeting  the  other  require¬ 
ments  of  the  airplane.  A  high  thrust  engine  installed  in  an  aircraft 
with  satisfactory  climb  characteristics  will  be  at  a  relatively  high  al¬ 
titude  at  the  three  mile  point.  At  this  point,  power  can  be  safely  reduced 
so  that  acceptable  noise  levels  will  result  in  the  community  beneath  the 
flight  path,  • 


fed  -  -  i,.; 


PAae,MO.  9-1 


CONFIDENTIAL 


KMNIAWP  *1  »  >|M  *«*»*v»** 

'  '.fftilt'ilfr  ***»»  It  MMt 

'•"1  »•»!  (**rt<*«  K'M.Ktf,  IM 

«,»*•!■  IUMI  **•'« 

•*•»'»*  *•  ».*»•  *  #  »  A 

>*•  >*(’  .«»  f  <M 

««  til  «»»•••■•»  I>>  »,*),•  •(. 

■  A  fl  k)  m 


CONFIDENTIAL 


Si^eSCT?-*"^ 


—  si  S 

■  *'-  -r 

st.neS1' '  “ 


IXffr  ik  WHiTNJtY  AfNCitArr 


PWA-23'97- 


.„  As  the  IBS  giido  slope  is  fixed  at  from  2,5  to  3.G  degrees,  little  can  be 
done  to  increase  the  alfitude'of  Use  airplane  on  the  approach  over  the 
votiTm  unity.  However,,  as  noise  increases  with  thrust,  the  airplane 
should  be  designed  to  require  as  little  thrust  as  possible  during  approach. 
Thus  the  engine  for  the  SST  must  have  high  thrust  for  ground  roll  and 
initial  climb,  and  low  engine  noise  levels  per  pound  of  thrust. 


The  STF219  engine  proposed  by  Pratt  &  Whitney  Aircraft  for  use  in 
SST  airplanes  incorporates  the  turbofan,  or  ducted  fan,  engine  cycle. 
This  cycle  has  several  inherent  advantages  over  a  turbojet  cycle  engine, 
one  of  which  is  l,owe r  engine  noise  levels.  Conversion  of  subsonic  jet 
transport  engines  from  the  turbojet  to  the  turbofan  cycle  resulted  in 
the  most  significant  noise  reduction  to  date  in  the  populated  areas  be¬ 
neath  the  take-off  flight  path. 


Because  of  the  increased  turbine  inlet  tempera  tire  and  lower _  compres¬ 
sor  compression  ratio  Required  for  economical  supersonic  flight ,  the 
engines  designed  for  use  in  the  SST  will  be  noisier  at  maximum  power 
than  those  used  in  current  subsonic  jets.  Figure  9-1  shows  estimated 
noise' versus -thrust  for  the  STF219  engine  as  well  as  several  current 
Pratt  St  Whitney  Aircraft  jet  engines.  A  bough  the  proposed  SST 
:po we r plant  is  more  noisy  at  maximum  po'.eer,  it  compares  favorably 
when  the  noise  level  per  pound  of  thrust  is  considered.  Jt  must  also  be 
kept-  mjTfiiftd  that  the  SST  airplane  will  be  overpowered  for  takeoff. 

Sonic  .flexibility  regarding  the  thrust  used  for  ground  roll  versus  that 
’'used  during  Reduced  power  climb  is  therefore  available. 


.  -  Tkrerm-n 'v-jo_r  jjonrw»«  -pfc  ««»•«'»  •yr'-in.,’!br-'yi1-'  m  (.ai-s-lgi)  of  the  STf‘2  <9 
bhgine.  These  sources  arc:  Ij  noise  from  the  compressor  radiated 
•out  the  inlet.,- 2)  noise  from  the  compressor  radiated  out.  the  fan  ducts, 
wand  1).  noise  generated  in  the  jet  exhaust  wake. 


-d3cca use  The  intent  of  Phase  II-A  of  the  study  contract  was  to  produce 
rdsiiits  dnectly  applicable' to  the  SST  engine,  test  programs  were 
initiated  to  investigate  noise  redaction  techniques  suitable  for  use ‘in 
each  of  the  three  major  regions.  In  addition  to  the  test  program, 
analytical  studies  were  conducted  to  assess  the  potential  improvement 
from  suppression  devices. 
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B.  REVIEW  OF  NOISE  SUPPRESSION  DEVICES 

The  necessity  for  minimizing  the  noise  from  aircraft  engines  has  long 
been  recognized *by  Pratt  &  Whitney  Aircraft.  Noise  reduction  work 
on  reciprocating  engines  was  begun  in  1938,  and  methods  were  estab¬ 
lished  for  gearing  a  propeller  to  an  engine  so  as  to  obtain  acceptable 
noise  characteristics.  Jet  engine  noise  studies  began  in  1953,  several 
years  before  the  operation  of  scheduled  jet  transports  it.  this  country. 
Tests  were  conducted  to  gain  an  understanding  of  the  jet  engine  noise 
generating  mechanisms,  and  many  suppressor  devices  were  tested  and 
evaluated.  As  a  part  of  Phase  II-A  of  the  SST  engine  study  contract, 
results  of  previous  tests  on  suppressor  devices  were  re  it  wed  to  de¬ 
termine  whether  they  could  be  beneficially  integrated  into  the  design  of 
the  SST  engine. 

1 .  EXHAUST  NOISE 

The  noise  heard  fiom  the  exhaust  of  «  jet  engine  is  characterized  by  a 
spectral  composition  which  contains  random  acoustic  energy  throughout 
a  broad  frequency  band.  Turbulence  generated  by  mixing  of  the  high 
velocity  engine  exhaust  gas  with  the  atmosphere  provides  the  source 
of  this  noise.  This  turbulent  mixing  region  may  extend  20  nozzle  diam- 
eters'dtiwnstream  of  the  engine  iczzle  exit.  Small  size  turbuK  -t 
eddies  result  from  the  high  shear  gradients  near  the  nozzle  exit  and 
act  as  a-  source  for  high  frequency  noise.  Low  frequency  noise  results 
from  the  large  turbulent  eddies  that  exist  further  downstream  from  the 
nozzle  exit.  The  sound  pressure  level  of  tl'e  noise  generated  by  this 
mixing  process  lias  been  shown  to  be  related  io  the  relative  velocity 
between  the  jet  and  the  ambient  air  and  varies  as  shown  m  Figure  9-2. 

a.  Exhaust  Noise  Suppression  Techniques 

Because  exhaust  noise  is  generated  external  to  the  engine,  only  three 
general  approaches  to  exhaust  noise  reduction  appear  feasible.  These 
approaches  are:  1)  reduce  the  jet  velocity,  Z)  change  the  mixing  pro¬ 
cess  ,  and  3)  change  the  directivity.  These  three  approaches  and  the 
effect  of  internal  mixing  are  discussed  in  the  following  paragraphs. 
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b.  Jet  Velocity 
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The  forward  thrust  generated  by  a  jet  engine  results  from  the  summa- 

eq°uai°  1  the  *  ferential  pressures  acting  °*>  the  engine.  This  thrust  is 
equal  .o  the  increase  in  momentum  of  the  gas  passing  through  the  engine 

velocitf  p\r  ’  ffPr°dUCt  °f  thG  maSS  flow  a^increatetgas8  '' 
product;  aZJtTr  ?•*  'T****  **  Static  Operation 

produces  a  thrust  proportional  to  its  exit  velocity.  Small,  light  hieh- 

rus  jet  engines  are  possible  because  of  high  exit  velocities! 

\ 

For  a  given  nonaugmented  thrust,  turbine  inlet  temperature,  >  and  com¬ 
pressor  pressure  ratio,  a  turbofan  cycle  engine  will  always  have  a 
lower  jet  velocity  than  a  turbojet  cycle  engine  and  will  ‘•herefore  be 
less  noisy.  After  the  operating  cycle  and  size  of  an  engine  are  fixed, 
the  jet  velocity  depends  on  the  engine  thrust  setting  and  may  be  reduced 
only  by  decreasing  the  thrust. 

The  size  of  the  engines  which  will  be  used  on  the  SST  will  be  determined 
by  transonic  climb  requirements,  not  by  take-off  power  requirements  - 
as  is  the  case  for  the  subsonic  transports.  As  an  excess  of  take-off 
thrust -will  be  available,  it  can  therefore  he  adjusted  to  meet  noise  limits 
during  take-off.  Fly -over  noise  beyond  the  three  mile  point  will  be 
determined  by  the  thrust  used  during  ground  roll  and  initial  climb  arid 
-t.ie  performanee  of  the  airplane.  A  large  airflow  engine  vill  have  a 
lower  jet  velocity  and  therefore  create  less  noise  thari  a  smaller  air¬ 
flow  engine  at  the  same  thrust.  The  relationships  hetween-jet  exhaust 

velocity,. .airplane  performance  ,  and  fly-over  noise  must  all  be  con¬ 
sidered:  in  sizing  an  engine  for  a  particular  airplane.  After  an  engine- 
airframe  combination  is  selected,  there  is  little  possibility  of  further 
reductions  in  noise  by  reducing  jet  velocity. 

c.  Changing  the  Mixing  Process 

Although- several  types  of  suppressors  are  currently  in  use,  the  ope.rat-  ’ 
lngTrincipies  of  aH  the  devices  are  similar.  Basically,  the  perimeter 
Of  the  jet  nozzi?  in  the  exit  plane  is  substantially  increased  by  replac-  - 
mg  tjiq  standard  circular  nozzle  with  an  irregularly  shaped  nozzle. 

This  .procedure  changes  the  shape  .of  the  mixing  botm  ary  and  creates 
a  greater  surface  area  between  the  exhaust  stream  andrthe^mbient  air.. 

A.s  aerodynamic  shear  forces  act  over  this  increased  srirfaco  area,  the 
stream  is  decelerated  within  a  much  shorter  distance  behind  the  nozzle 
exit  than  is  the  stream,  from  a  standard’  corivergent  circularmokzles. 
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The  e/fect  of  tliis  nozzle  change  on  jet  noise  is  twoioict.  Lessyahergy 
is  radiated  as  noise  because  of  the  more  rapid  deceleiration^  of  The 
stream,  and  the  noise  generated  is  higher  in  frequency  be cad^e/ofthe 
irregular  nozzle  shape.  High  frequency  noise  is- attenuated! more  raf> 
pidly  with  distance  than  is  low  frequency  noise..  The  noise- reduction 
obtained  from  a  typical  multitube  suppressor,  as  .compare d.dp /a  con¬ 
vergent  circular  nozzle,  can  be  seen  on  Figure  9-3,.  -  ' 

From  1953  to  I960,  Pratt  &  Whitney  Aircraft  maintained  ari  extensive-  . 
acoustics  program  to  study  the  effect  of  nozzle  shape  on  jet  , noise-.  In 
the  anechoic  chamber  shown  in  Figure  9-4,  models  of  over  1200- varia.- 
tions  of  150  basic  configurations  were  tested..  A  few  of  these  Thodels 
are  shown  in  Figure  9-5.  As  a.  result  of  model  tests,,  about  200  varia¬ 
tions  of  50  basic  suppressor  nozzles  were  built  and  tested  on  JT3  and 
JT4  engines.  Typical  full-scale  suppressor  configuratibns.are  shown 
in  Figux'e  9-6.  Many  of  these  suppressors  were  tested  to  better 
establish  jet  noise  theories,  and  were  not  intended  to  be  prototypes  of 
flight  suppressors. 
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During  the  tests  on  suppressors,  it  was  learned  that  a  sizeable  reduc-, 
tion  in  noise  measured  during  a  gi-ound  sound  test  does  not  necessarily  ‘ 
mean  that  the  noise  levels  during  flight  will  be  reduced.  Severe  per¬ 
formance  and  weight  p-  -alties4,  associated  with  the  use  of  an  inefficient 
device:,  may  actually  cause  an  inq,rqase  in.  noise  beneath  the  takevoff 
flight  path.  This  subject  is.  discussed  further  in  Part  F -pTThis>\iteml  .  - 

of  the  report, 

s' 

d;5  Change  ih:  Directivity  •  . 

The  ;r.e c tangi ilar  nozzie  shown  in  Figure  9-7  was  designed  to  take 
aciyajniage  of  changes,  in  the- exhaust  noise  directivity  pattern.  This 
dey..  i  Had-  an.  a* symmetrical  noise  radiation,  pattern ,  and  was  mounted, 
so’a's  to  minimize  the  noise  radiated  toward  the  ground  beneath  the 
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internal  Flow  Strea m  .Mixing- , 

•*  1  ,  *  -  '  -  - 

The- exhaust  noise  level  of  a  nonditgmented  turbofan  cycle  engine  de-v 
p&jids  ph  erieirie-  size  j.  turbine  inlet  temperature.,  by-pass  rafio,  and 
fan  exit  velocity  (fan  pressure  ratio).  As  explained  below,,  noise 
Tavgl^  bah- be,  shown  to  decrease  when  dither  fan  exit  yelocity  pr  by.r- 
ptss'  ratib  are  increased.  Potential  for  additional  exhaust.;noise  re  -  * 
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dhction  may  also  be  realized  by  complete  mixing  oi  ther  prirnar.y  engine 
arid' fan  duct, streams.  As  the  exit  velocity  of  thp;  mixed, stream  is, 
usually  lower  than  that  of  the  primary,  a  net  reduction,  in  .noise  usually 
l  -:  results.  ..  .  ,  .  '  /  . 

increasing  either  the  by-pass  ratio  or  fan  duct  flqw  nxih-velocity-pn  a 
fixed  airflow-size gas  generator  ,  is  usually  accompanied  .by?  a  decrease 
iii  noise  and  an  increase  in  thrust,.  These  effects- are  shown  in  Figure 
9-8;  A  reduction  in  noise  x-.e suits  because  additional?  energy  is  ex— 

■-  ^  traded  from  the  primary  engine  stream  to  drive  the  fan  stages,  re- 

duding  the  primary-jet  exit  velocity.  Additional  noi„e  reduction  .  , 
potential  may  be  realized  from  internally  mixing, the  two  streams,  and 
is  shown  in- the  shaded  area  of  the  curve--.  Noise  reduction  from  mixing 
is  shown  to  depend  on  both  by-pass,  ratio  and  fan  duct  velocity, 

;Iu  plotting  the  curves,  a  fixed  airflow-size  gas?  generator  engine  with 
a  .fixed  turbine  inlet  temnerature  was  assumed.  Practical- considerations- 
affecting  the  engine  performance  parameters  and  mechanical  design 
were  not  considered.  The  physical  means  of  increasing  the  "fully 
expanded"  fan  exit  velocity  would  be  to  add  fan  stages  or  increase  the 
work  done  per  stage.  An  increase  in  by-pass  ratio  could  be  achieved 
>by  increasing  the  fan  diameter.  The  effect  of  by  ~p^  ss  ratio  and  fan 
exit  velocity  ,on  noise  will  vary  as  other  engine  pe;fforrnance  parameters 
V,  ‘  ’’  are .varidaf  -but  the  trends  show.!.  ih-Pigure  9A8  will  hoTcl  trvie. 

^  ' 'Eyerie nce-’has  -shown  that  iittie  mixing  takes  place  between  two  streams 

''Inv^fshpr^commoh-flow  .cylindrical  duct,  however.,-  tests:  have  . shown: 

'  -thatfif  fs' possible  to  achieve  effective  mec.hanipal  mixing,  of.  the  two 
'  -  -  streanfs  in  a  reasonably  short  length- of  duct,  by  the  use  of  special  mix- 

A;  ;y;;  ?i'rig^devic'cs>  '  . 


~:yy  .Vt-5-':''v>rf  SevefaT  variation s  of  th f ee Basic  types  of  mixing,  devices  shown- in 
VY V-  -  -cpigur'd  9 -9' -were  sound’ .tested:  on  a-~fullr  scale  turbofan  engine.  Test 
1  ' '  r.e^aits  showed- that  many  pf  the  devices  reduced  the  exhaust  noise 

/  r  ■  -'J’eyeijhy  ah  amount;  consistent  with  theory,  but  excessive  performance 

'  -  'ipehaltxes  v^er'e  associated  with  some  of  these  configurations. 
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2.  COMPRESSOR  NOISE 

a.  Blade  and  Vane  Number  Changes 

From  an  analysis  o;'  the  theory  presented  in  SAE  report  3-15D,  it  would 
appear  that  the  use  of  either  a  large  number  of  vanes  (mere  than  twice 
the  number  of  blade.s),  or  else  no  vanes  in  a  compressor  would  result 
in  the  propagation  of  no  fundamental  blade -pas  sing  frequency  noise  out 
the  inlet  duct  at  subsonic  blade  tip  speeds.  Experimental  tests  (on 
both  rigs  and  engines)  have  verified  this  conclusion.  Unfortunately,  in 
previous  engine  designs  t lie  choice  of  a  compressor  configuration  which 
did  not  generate  propagating  noise  was  not  possible  because  of  structural 
considerations,  but  small  changes  in  the  number  of  blades  and  vanes 
could  be  made. 

Small  changes  in  numbers  of  either  blades  or  vanes  can  make  significant 
changes  in  both  the  radial  and  circumferential  distribution  of  sound 
energy  in  the  interaction  generated  "spinning  modes.".  In  many  practi¬ 
cal  cases,  four  or  more  circumferential  modes  may  be  present,  some 
forward  spinning  and  some  backward  spinning,  each  having  a  complex 
radial  pressure  distribution.  In  this  complex  situation,  it  is  not  feasible 
to  estimate  analytically  the  result  of  a  small  change  in  olade  or  vane 
number  on  the  far  field  noise. 

In-practice ,  tne  optimum  blade -vane  combination  is  best  determined 
by- a*  series  of  acoustic  tests  involving  hardware  changes  in  full  scale. 
Basic,  theory  can  be  used  to  identify  the  significant  noise  generating 
modes.,  arid  the  results  of  the  far  field  sound  measurements  will  estab¬ 
lish  tit®  optimum  configuration. 

A.  series  of  tests  on  different  blade -vane  combinations  provided  the 
data  used  to  select  the  final  configuration  used  in  the  JT3D  "hush  kit" 
fan.  Two  of  the  many  stator  vanes  tested  in  full  scaie  are  shown  in 
Figure  9-10,  A  series  of  rotors,  having  from  30  io  36  blades,  was 
also  evaluated  in  conjunction  with  the  vane  assemblies.1  Results  of 
;tfie  tests  showed  that  a  35-blade  rotor  used  in  conjunction  with  a  55-vane 
.stator  resulted  in  the  lowest  far  field  noise  levels  and  had  no  adverse 
affect  on  performance. 


Ii  yyas  also  learned. during  development  of  the  JT3D  turbofan  engine 
'i3%sf  "mipimurri  noise  that  the  annoyance  of  the  noise  as  judged  by  Hs-. 

^  •  ''^rpT'a’^was  reduced  when  different  numbers  of  blades  were  used  in  the 
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two  fan  stage  rotors.  Two  discrete  tones  sufficiently  separated  in 
frequency  had  a  less  piercing  quality  than  the  single  frequency  tone 
generated  when  both  fan  stage  rotors  had  the  same  number  of  blades. 
This  feature  was  also  incorporated  in  the  final  configuration. 


b.  Spacing 
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Rotor  blade -stator  vane  spacing  has  been  shown  to  have  a  significant 
effect  on  compressor  noise  level.  Tests  on  ten-inch  diameter  models, 
28-inch  diameter  rigs,  and  full-scale  engines  have  verified  that  noise 
levels  are  reduced  as  spacing  is  increased.  Results  of  a  series  of 
spacing  tests  were  included  in  the  Phase  I  final  report,  PWA-2353. 
These  test  results  showed  a  significant  noise  reduction  with  increased 
spacing  at  low  rotor  tip  speeds,  but  that  spacing  had  a  relatively 
negligible  effect  when  rotor  blade  tip  velocities  were  near  and  above 
supersonic.  Figure  9-11  shows  the  average  results  of  increased  spac¬ 
ing  on  noise  as  determined  from  a  wide  variety  of  model,  rig,  and 
engine  tests. 


Blade  Tip  Clearance 


Extensive  tests  to  measure  the  effect  of  blade  tip  clearance  on  noise 
levels  were  conducted  using  compressor  rigs.  Tests  were  conducted- 
using  excessive  tip  clearances  as  limited  by  compressor  efficiency 


down  to  a  "negative”  tip.  clearance  obtained  by  operating  with  the  blade 


tips  running  in  a  trough  as  shown  in  Figure  9-12.  Tests  were  also  con¬ 
ducted  using  slightly  eliptical  rotor  ducts  which  caused  a  variable  tip 
clearance.  Results  of  these  tests  showed  that  tip  clearance  was  not  a 
significant  variable  in  noise  generation. 


Variable  Vane  Angle  of  Attack 


A  variation  in  vane  angle  can  be  expected  to  have  an  effect  on  the  pres¬ 
sure  field  upstream  of  the  vane  and  the  wake  downstream  from  it.  As 
noise  is  generated  by  the  aerodynamic  interaction  of  the  upstream  pres¬ 
sure  and  the  downstream  wake  with  the  rotor  pressure  field,  it  is  fair 
to  assume  that  some  change  in  noise  intensity  would  result  from  vane 
angle  changes*.  -To  evaluate  this  effect  experimentally,  sound 
.tests*  were  arun  on  both  rigs  and  engine s-fitted  with  variable  angle  vanes. 
Typical  full-scale  experimental  hardware  is  shown  cm  Figure  9-13. 
Results  of. constant  rotcr-rspeed  tests  on  this  type  of  hardware  have  - 
shown  small,  unpredictable  changes  in  noise  with  changes  in  vane  angles. 
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In  many  instances  where  a  noise  reduction  was  measured  at  a  fixed  rotor 
speed,  this  reduction  could  not  be  realized  at  a  constant  thrust  condition. 
This  was  because  the  vane  angle  changes  also  resulted  in  reduced  per¬ 
formance.  The  higher  rotor  speeds  and  exhaust  velocities  needed  to 
maintain  constant  thrust  with  the  vanes  in  an  off-design  position  tended 
to  increase  noise  levels  and  offset  part  or  all  of  the  expected  reduction 
in  noise. 

e.  Vane  Slant  Angle 

As  noise  is  generated  by  an  interaction  of  the  blade -vane  wakes,  an 
obvious  way  to  change  the  nature  of  this  interaction  is  to  slant  the  sta¬ 
tor  vanes.  Figure  9-14  shows  slanted  vane  assemblies  which  were 
tested  in  full-scale  fan  engines.  A  wide  variety  of  slanted  vane  stators 
was  also  tested  on  rigs.  Results  of  the  tests  on  rigs  where  only  one  well 
defined  spinning  mode  was  generated  indicated  some  significant  reduc¬ 
tions  from  changes  in  slant  angle  as  was  indicated  by  theory.  Tests 
of  slanted  vanes  in  full-scale  engines  showed  little  improvement  in  far 
field  noise.  Analysis  of  these  test  results  indicated  that  the  large  num¬ 
ber  of  spinning  modes  present  made  it  impossible  to  select  a  vane 
angle  which  would  reduce  the  intensity  of  all  the  modes  at  the  same 
time. 

f.  Blade  Shape 

Several  different  types  of  blades  which  were  acoustically  tested  are 
shown  in  Figure  9-15.  Results  of  the  tests  showed  no  significant  im¬ 
provements  in  noise,  although  some  significant  changes  in  performance 
were  measured.  Because  of  the  necessity  of  obtaining  good  compressor 
performance,  the  possible  variations  in  blade  shape  are  quite  limited, 
so  this  avenue  of  potential  noise  reduction  is  not  promising. 

8*  VAne  Shape 

As  vane  shape  determines  the  wake  from  the  vane,  it  could  affect  the 
noise  generated.  A  scries  of  vanes  of  various  shapes  were  tested  on  - 
a  ten-inch  model  to  check  the  effect  of  vane  snape  on  noise  level.  Some 
of  the  assemblies  tested  are  shown  on  Figure  0-16.  Results  of  these 
tests  indicated  that  the  nonstandard  vane  shapes  did  affect  the  details 
of  the  sound  pressure  distribution  in  the  duct,  and  some  significantly 
-influenced  the  noise  level  and  the  radiation  pattern  in  the;  far  field. 

Som6  vane  shapes  which  showed  good  results  in  the  model  tests  were 
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tested  in  full  scale,  but  they  were  found  to  Le  relatively  ineffective  be- 
cause  of  the  complicated  modal  structure  of  the  engine  compressor 
noise  field.  Full-scale  engines  were  tested  with  both  blunt  and  sharp 
edged  inlet  guide  vanes.  A  small  reduction  in  noise  was  measured 
with  the  s.harp  vanes  as  a  resuit  of  a  weaker  vane  wake. 

_ _ ■  -  -  -  V"  _  .  j;  - 

Tests  were  conducted  on  ten-inch  model  compressors  with  the  same 
number  of  vanes  in  front  of  and  behind  a  rotor.  Each  set  of  vanes  was 
individually  'paced  from  ti  e  rotor  so  that  noise  of  equal  strength  was 
generated.  Both  sets  of  vanes  were  then  installed  in  the  model.  At  a 
fixed  speed,  one  set  of  vanes  was  circumferentially  rotateu  until  an 
index  position  was  found  that  resulted  in  minimum  noise  !>.••  "Is  in  the  far 
field.  At  this  vane  position,  the  noise  generated  by  the  rotor  and  the 
upstx’eam  vanes  was  out  of  phase  with  that  ge  a  rated  by  the  downstream 
vanes,  resulting  in  cancellation  of  the  noise  I  elds.  A  very  significant 
reduction  in  noise  was  measured  with  the  ten -inch  model  w  -h  the  vanes 
set  at  the  optimum  index  position. 

Similar  tests  were  run  on  a  full-scale  engine  with  a  5 ’.-inch  diameter 
fan,  but  a  significant  reduction  in  far  field  noise  could  not  be  obtained. 
After  detailed  investigations,  it  was  found  tha*-  differences  in  the  radial 
pressure  distribution  in  the  spinning  mode  sound  patterns  in  front  of  and 
behind  the  rotor  prevented  effective  noise  cancellation.  The  necessary 
changes  to  make  the  upstream  and  downstream  sound  fields  similar 
could  not  be  effectively  achieved,  indicating  that  this  scheme  would  be 

very  difficult  to  use  on  a  full-scale  engine, 

,/ 

i.  Goanda  Inlet  Guide  Vane 

Figure  9-17  shows  a  cross  sectional  view  of  Coanda  vane  assembly. 
Pressure  air  is  blown  through  slots  in  the  vane  trailing  edge,  causing 
significant  changes  in  the  vane  air-exit  angle  and  the  vane  wake.  This 
type  of  device  was  built  and  tested  on  compressor  rigs,  but  showed  no 
significant  effect  on  noise.  Further  tests  on  this  type  device  would 
probably  be  necessary  to  fully  evaluate  its  effect  on  noise. 

j;  Sound  Absorbing  Sotor  Duct  Shrouds 

Tests  were' run  with  resonant  absorber  material,  installed  on  the  com- 
;prhaSbr  blade  shrouds*  "Typical  full-scale  and  rig  parts  are  shown  in 
Figure  '9-18.  Many  configurations  were  tested  with  a  wide  variety  of 
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:.v  /  t;>  vgnroud  treatment  constructions.  Results  of  this  series  of  tests  showed 
•Al.yr'_  that  the  use  of  sound  absorbing  material  in  this  location  was  not  sig- 
V.-;v-  ’  ,  nificantly  effective.  ' . • 

3.  INLET  NOISE.-,, 

1  "  -  ‘  *w-r»  ’**  * 
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I  a*  S°ur>d  Absorbing  Inlets 
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’■•^—One-or-th'e-m OTC~eTfe cfi ve~m'e a n s  of  reducing  compressor  norscuib  Lho-1 
use  of  sound  absorbing  inlets.  Both  Fiberglas-lining  and  resor.ant- 
tuned-absorber  lining  materials  have  been  tested  and  were  shown  to  be 
effective  These  two  types  of  inlets  as  well  as  a  Fiberg las- lined 
■  Hbulb  type"  inlet  are  shown  in  Figure  9-19.  The  bulb  inlet,  which 
prevented  line -of -sight  sound  propagation,  was  quite  effective  acous¬ 
tically  but  was  not  practical  for  flight  use  in  .  ubsonic  inlet,  configurations. 


Choked  Inlets 


Several  types  of  inlets  shaped. to  provide  a  ^onic  flow  section  between 
the  face  of  the  compressor  a.od  the  inlet  opening  are  shown  in  Figure 
9-20..  Results  of  the  tests  have  shown  that  the  sonic  section  acts  as 
an.  effective  blockage  to  the  propagation  of  sound  out  of  the  inlot.  A 
mechanism  to  cause  sonic  flow  in  the  inlet  ducts  of  subsonic  transports 
was -not  considered  practical  because  a  relatively  elaborate  and  heavy 
structure  would  bfr-required  compared  with  conventional  subsonic  inlets 
■anclibecause  the  additional  control  devices  required  might  impair  the 
’safety  of  the  airplane. 


4.  F)AN;;DISCHARGE  NOISE 

■'  •  tsl  --  ;*  '  '  v '  - 

■  v'> rG n -af tU r bo'f a n  engine,  discrete  frequency  compressor  noise  is  radiated 
•V'red’rwa rckfrom  the  fan  ducts  as  well  as  forward  from  the  inlet  duct. 

.A  {The  ievel  uf  this  noise  is  related  to  compressor  design  as  is  that  radi- 
>';ate'd?dut  the  inlet.  Specific  items  that  were  tested  to  determine  their 
; beffect’pn  fan  discharge  noise  levels  are  discussed  below. 

j  ^Turbulence  ..Generators 


Devices’ were  attached  to  the  fan  duct  exit  to  cause  the  exit  airflow  to 


;  De,burbuleht-.  Some  of  these  devices  are  sho.wmin  Figure  9^21.  No 
'^^dqp'txbn-^in- discrete  frequency  noise  level  was  measured  during  sound 
It  withrihe s e-;4lev.ic e s  installed. 
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b.  Reflecting  Exit  Vanes 

A  fan  exit  guide  vane  assembly  with  sound  reflecting  vanes  is  shown  in 
Figure  9-22.  This  assembly  was  installed  in  conjunction  with  a  sound 
absorbing  inner  shroud.  The  vanes  were  designed  to  offer  little  resis¬ 
tance  to  airflow  but  to  reflect  sound  into  the  absorbing  panels  {not 
shown).  Tests  of  this  device  showed  a  relatively  small  reduction  of 
noise  in  the  far  field,  due  to  the  propagation  characteristics  of  the 
many  spinning  modes. 

c.  Sound  A bso r bin g~F a n  Discharge  Ducts 


Tests  were  run  using  both  fiberglass -lined  and  resonant -tuned-absorber 
lined  fan  ducts.  From  five  to  ten  db  noise  reduction  was  measured 
using  the  Fiberglas-lined  ducts.  Less  attenuation  was  measured  using 
the  tuned-absorber-iined  ducts  because  of  the  effect  of  flow  velocities 
on  the  attenuating  properties  of  the  material.  Tests  of  the  acoustic 
properties  of  materials  with  flow  indicate  that  they  can  be  designed  to 
work,  but  the  design  parameters  are  not  yet  clearly  established. 

5.  APPLICATION  OF  ACOUSTIC  TEST  EXPERIENCE  TO  THE  SST 
ENGINE 

Results  of  past  acoustic  tests  have  been  incorporated  in  the  STF219 
engine  dbsign,  and  will  be  of  value  during  the  engine  development  pro¬ 
gram.  The  acoustic  test  program  conducted  during  Phase  II-A  was 
designed  to  pursue  methods  of  noise  reduction  which  experience  has 
shown  to  be  most  effective.  Specific  instances  where  past  test  results 
were,  incorporated  in  the  engine  design  are  discussed  below. 


a.  Nozzle  Design 

Models  of  blow-in-door  ejector  nozzles  incorporating  suppression 
devices  were  designed  during  Phase  II-A.  Experience  gained  during 
previous  tests  of  suppressor  nozzles  and  mixing  devices  was  incorporated 
in  the  design  of  these  ejector  nozzles. 

b.  Compressor  Design 


Inlet  guide  vanes,  which  usually  provide  the  strongest  noise  source 
during  low  power  operation,  were  not  included  in  t^e  compressor  de¬ 
sign.  Different  numbers  of  blades  were  used  in  the  two-stage  fan  to 
improve  the  characteristics  of  the  noise  generated,  and  provisions 
we~i<&  made  to  allow  variations  in  the  number  of  stator  vanes  40  optimize 
noise-levels  during,  the  development  phase  of  the  engine. 
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c.  Acoustical  Materials 

The  effectiveness  of  acoustical  linings  in  inlet  and  fan  discharge  ducts 
has  been  demonstrated  in  the  past,  but  the  effects  of  flow  velocity  were 
not  well  understood.  Tests  to  screen  many  types  of  acoustical  materi¬ 
als  and  constructions  with  high  flow  velocities  were  planned  and  con¬ 
ducted  during  Phase  II-A  to  determine  which  are  most  satisfactory 
for  use  in  the  SST  engine. 


Inlet  Ducts 


I-k 


KM!; 


An  effective  means  of  reducing  compressor  noise  is  by  the  use  of 
sound  attenuating  inlet  ducts.  A  program  to  determine  the  effects  of 
SST  inlet  ducts  on  noise  was  planned  and  conducted  during  Phase  II-A. 
As  the  SST  engine  inlet  incorporates  variable  geometry  which  may  be 
used  to  increase  the  duct  Mach  number,  tests  were  conducted  to 
determine  the  effect  of  duct  Mach  numbers  of  up  to  1.  0  (or  choked)  on 
noise  propagation.  Previous  testing  had  suggested  some  noise  reduc¬ 
tion  could  be  expected  at  near-choked  conditions  and  complete  blockage 
of  noise  at  the  choke  point. 
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C.  INLET  DUCT  PROPAGATION  CHARACTERISTICS 


1.  GENERAL  DISCUSSION 

During  the  approach  to  landing,  the  most  noticeable  engine  noise  is  the 
compressor  whine  radiated  from  the  inlet  duct.  Compressor  noise  is 
generated  by  blades  passing  stationary  vanes  and  is  annoying  because 
of  its- Mg h  frequency.  Propagation  of  compressor  noi.  *  '.irough  inlets 
of  the  type  used  on  sub'some  aircraft  is  fairly  well  understood,  but  very 
little  data  are  available  on  the  propagation  of  sound  through  complex 
supersonic  inlets  of  the  type  designed  for  the  SST  airplane. 


Several  ‘features  of  a  supersonic  inlet  could  influence  the  propagation 
of  inlet  noise.  An  inlet  with  significant  changes  in  cross  section  along 
its  length  could  be  expected  to  have  a  sound  radiation  pattern  some¬ 
what  different  from  a  short  circular  inlet.  Since  a  variable  area  inlet 
is  required  to  assure  good  ram  pressure  recovery  over  a  wide  range 
of  flight  Mach  numbers,  the  possibility  exists  of  using  this  variable 
area  feature  to  control  noise  during  approach.  Theory  and  experimental 
data  both  verify  that  noise  is  not  propagated  out  of  choked  inlet,  but  the 
effect  on  noise  of  operation  near  a  choked  condition  has  not  been  well 
documented.  A  boundary  layer  bleed  system  incorporated  in  the  SST 
inlet  design  to  prevent  boundary  layer  build  up  at  high  flight  speeds 
could  also  be  expected  to  have  some  effect  on  noise. 


In  addition  to  the  features  inherent  in  a  supersonic  inlet  which  could 
affect  noise,  it  may  be  possible  to  improve  its  noise  propagation  properties 
by  the  use  of  acoustical  treatment.  The  size  and  shape  of  the  super¬ 
sonic  inlets  provide  opportunities  for  the  use  of  acoustical  treatment 
which  are  not  inherent  in  subsonic  inlets. 

It  is  also  possible  that  w akes  produced  by  structures  in  a  supersonic  inlet 
could  interact  with  the  compressor  rotor  pressr re  field  to  provide 
additional  noise  sources.  Tests  were  conducted  to  investigate  both 
the  favorable  and  the  unfavorable  effects  of  the  inlet  on  noise  generation. 

As  the  inlets  designed  by  t.  e  two  competing  airplane  manufacturers 
arc  quite  dissimilar,  it  was  decided  to  build  and  test  models  of  each. 
Data  from  tests  of  the  supersonic  inlets  were  compared  to  noise  le\els 
measux’ed  from  a  conventional  bellmouth  inlet,  which  has  been  sho.va 
to  have  acoustical  properties  similar  to  s.msonic  transport  inlets, 

Sound  data  presently  used  to  estimate  inlet  noise  levels  were  obtained 
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during  tests  of  bellmouth  and  subsonic  flight  inlets.  In  order  to  con¬ 
duct  a  realistic  test  of  the  inlets,  it  was  necessary  to  install  them  on 
a  compressor  rig  capable  of  simulating  inlet  flow  velocities  cimilsr 
to  those  in  the  inlets  to  be  used,  on  the  SST  engine.  Results  of  the 
tests  provided  better  insight  into  the  effect  of  the  supersonic  inlet  on 
noise  propagation  and  methods  of  reducing  this  noise. 


2.  FACILITIES' 

The  28-inch  diameter  compressor  rig,  used  to  study  the  effect  of  com¬ 
pressor  design  features  on  noise  during  Phase  I  of  the  SST  development 
program,  was  assigned  to  the  Phase  II-/  inlet  test  program.  As  this 
rig  had  been  used  for  extensive  acoustic  tests,  its  performance  and 
acoustic  characteristics  were  well  known.  The  compressor  rig  and 
drive  engine  are  shown  in  Figure  9-2  3. 

One  major  modification  to  the  test  facility  had  to  be  made  for  this 
scries  of  tests.  Previous  tests  were  conducted  to  assess  the  effects 
of  configuration  changes  on  the  energy  converted  to  noise  by  the  rig, 
so  a  reverberant  plenum  room  led  to  the  most  repeatable  results.  To 
determine  the  effectiveness  of  a  supersonic  inlet,  its  influence  on 
directivity  as  well  as  Sound  level  must  be  measured.  To  measure 
directivity,  it  is  necessary  to  eliminate  the  reflection  of  sound  from 
the  walls  toward  the  microphone.  This  situation  was  achieved  by  the 
installation  of  Fiberglas  wool  on  all  surfaces  of  the  plenum  room. 


Prior  to  the  start  of  tests,  a  louuspeaker  was  used  to  check  the  room 
for  reflections,  and  the  environment  was  found  to  be  satisfactory. 

Tests  showed  that  sound  measurements  taken  along  an  arc  about 
seven  feet  from  the  rig  inlet  were  free  from  distortion  by  the  room 
shape  and  reflectivity. 

3.  EXPERIMENTAL  PROGRAM 

a.  Test  Models 

Two  basic  SST  models  were  fabricated  to  fit  the  28-inch  diameter  com¬ 
pressor  rig.  One  model  was  patterned  after  a  two-dimensional  inlet 
designed  for  the  Lockheed  airplane  and  the  other  was  patterned  after 
the  Boeing  axisymmetrical  design.  A  view  of  each  is  shown  in  Figures 
9-24  through  9-26.  Other  inlets  that  have  been  tested  are  shown  in 
Figures  9-27  and  9-28. 
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Lockheed  Inlet  Duct  -  In  the  Lockheed  inlet  model,  provisions  were  made  to 
vary  the  shape  of  the  duct  inner  body  to  determine  the  effect  of  flow 
velocity  on  noise.  Because  of  the  lack  of  symmetry  on  the  Lockheed 
inlet,  noise  was  measured  in  both  the  horizontal  and  vertical  plane  to 
determine  the  assymetry  of  the  noise  radiation  pattern. 

First  tests  of  the  Lockheed  inlet  showed  a  high  turbulence  noise  level 
which  was  thought  to  be  the  result  of  the  airflow  across  cl square 
corners  on  the  inlet  lip.  During  later  tests  on  this  model,  a  one-inch 
radius  lip  was  added  to  the  inlet  to  decrease  the  inlet  airflow  turbulence. 
At  approach  flight  speeds,  the  stream  tube  swallowed  by  the  engLie  is 
significantly  larger  than  the  inlet,  but  incoming  air  streamlines  would 
be  considerably  smoother  than  those  during  static  operation.  It  was 
felt  that  the  small  radius  added  to  the  lip  would  better  simulate  air 
entry  during  flight  conditions  by  reducing  the  turbulence  generated  by 
the  flow  over  the  inlet  lip. 

Boeing  Inlet  Duct  -  The  d  sign  of  the  Boeing  inlet  incorporates  several 
features  which  permitted  configuration  changes  to  be  quickly  made. 
Inserts  with  various  surface  treatment  were  designed  to  slide  into  the 
cylindrical  outer  support  duct  to  check  their  effects  on  noise  attenuation 
through  the  duct.  Provisions  were  also  made  to  evaluate  the  effects 
on  noise  of  centerbody  size,  and  boundary  layer  bleed  systems. 


This  cylindrical  inlet  was  selected  over  the  Lockheed  model  for  assess¬ 
ing  effects  on  noise  of  design  variations  because  its  shape  made  it 
much  easier  to  make  configuration  changes.  It  was  considered  reason¬ 
able  to  assume  that  any  of  the  schemes  tested  on  this  inlet  would  have 
about  the  same  effect  on  noise  when  properly  applied  to  the  geometry 
of  the  ^ockhecd  inlet. 

b.  Compressor  Configuration 


Two  compressor  configurations  were  used  during  this  series  of  tests. 
The  first  tests  were  run  with  a  32-blade  rotor,  a  46-vane  stator  and 
no  inlet  guide  va.ies.  This  configuration  was  used  during  a  series  of 
tests  to  determine  the  effect  of  wakes  from  structures  inside  the  inlet. 

The  second  series  of  tests  was  designed  to  study  the  acoustical  effects 
of  the  inlet  geometry,  and  inlet  guide  vanes  were  installed  in  the  com- 
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pressor  fur  this  series  of  tests.  The  noise  level  from  inlet  guide 
vanes  is  generallv  higher  than  noise  from  stator  vanes.  More  accur¬ 
ate  measurements  can  be  made  because  of  the  improved  signal-to« 
background-noise  ratio. 

Both  the  inlet  guide  vane  assembly  and  the  stator  vane  assembly  had 
46  vanes,  A  14-lobe  backward  spinning  pressure  pattern  was  generated 
by  the  interactions  of  the  vane  assemblies  with  the  32 -blade  rotor.  * 

The  choice  of  blades  and  vanes  was  made  to  approximate  the  type  of 
spinning  modes  expected  in  the  SST  engine. 


Typical  performance  data  from  the  28-inch  diameter  compressor  rig 
are  shown  on  Figure  9-29.  At  10,  000  rpm,  or  100  percent  speed,  the 
rotor  blade  tips  are  well  above  sonic  velocities.  Performance  of  this 
rig  is  typical  of  that  expected  from  axial  flow  compressors. 

c.  Data  Recording 

All  inlet  configurations  were  tested  over  a  range  of  duct  flow  velpcities 
at  a  series  of  rotor  speeds  from  4000  to  10,  000  rpm.  Signals  from  a 
microphone,  traversed  slowly  through  90  degrees  along  an  arc  forward 
of  the  rig,  were  tape  recorded  along  with  an  indication  of  the  micro¬ 
phone  position.  Data  on  rig  operating  parameters  and  inlet  duct  velo¬ 
city  were  recorded  at  each  test  point. 

d.  Data  Analysis 


Tape  recordings  of  the  noise  from  the  rig  were  analyzed  using  a  50 
cycle  fixed  band-width  filter  to  obtain  plots  of  the  level  of  funda¬ 
mental  blade- passing  frequency  noise  and  its  harmonic  versus 
angle  from  the  inlet.  A  comparison  of  noise  levels  from  different 
inlets  attached  to  the  same  compressor,  operating  at  a  specific  condi¬ 
tion,  provided  a  measure  of  the  effectiveness  of  the  inlet.  Spectral 
analysis  of  the  noise,  using  a  "Panoramic  "  Sonic  Analyzer,  was  made 
in,  some  instances  to  document  the  spectrum  shape, 

e.  Test  Results 

Tests  of  16  different  inlet  configurations  were  conducted,  and  a  total 
test  time  of  112  hours  was  accumulated. 


*SAE  report  34.5D:  Axial  Flow  mpressor  Noise  Studies,  Tyler  and 
Sofrin.  - 
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1 y "lS&mnj^rifes--oC the  test  results  and  schematic  drawings  of  the  inlet  duct; 

^^^?-'Vi^W'V^cdhfigurafiohs  tested  are  shown  in- Figure  9“-3p.,  . 
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From  the  results  of  the  tests,  the  following  conclusions  can  be  drawn: 
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¥?C‘%'  ••Duct  length  has  no  substantial  effect  on  noise  at  approach  power 

'r'-^^V-v  '  -•  -  conditions. 

1  4  *  V/’ 

.  *A  significant  increase  in  noise  did  not  result  from  wakes  from  the 

V;  "  four  struts  in  the  Boeing  shape  inlet  or  from  the  centerbody  wake 

^  in  the  Lockheed  inlet. 

•  Inlet  noise  levels  are  significantly  reduced  as  the  duct  flow  velo- 
'y  “  city  is  increased  above  a  Mach  number  of  about  0.  7. 

•  Essentially  no  discrete  noise  is  propagated  out  of  a  choked  inlet. 

•  A  significant  reduction  in  inlet  noise  can  be  obtained  with  an 
'  acoustically  lined  inlet. 

•  A  sharp-lip  inlet  tends  to  redistribute  the  discrete  compressor 
noise  into  bands  of  random  noise,  causing  a  considerably  different 
.  ‘  V.  sound  quality. 

•  The  inlet  shape  had  a  small  effect  on  the  sound  radiation  pattern. 


•  Tests  on  one  configuration  having  a  boundary  layer  bleed  system 
showed  only  a  small  effect  on  noise. 

•  Centerbody  shape  had  iittle  effect  on  the  effectiveness  of  duct 
lining. 
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coi^gli  Aiib&-S  have  been  tested,  there  are  still  many., 
,?. '!&!&£  tests  that  must  be  .conducted  to  determine* 

SS^'^V'  •  •T.he  optimum  location  for  acoustical  treatment* 

0!l/S:k\‘'  ■-'  V  *;The  effectiveness  of  various-  types  of  treatment. 

*  The  effect  of  inlet,  blo\v-in’-dbors  on  no;se. 

•  The  effects  of  various  boundary  layer  bleed,  system  designs 
witli? different  bleed  flows, 

Si',V.>v"  •  How  inlet  duct  shape  and  compressor-generated  "spimng  mode" 

.  sound  patterns  affect  the  attenuation  of  sound  with  increasing 

y*?$*  duct-flow  Mach  number. 

‘X' ■  ‘  •  The  otpimum  combinations  of  design  features  for  low  noise 

levels. 
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5.  ANALYSIS  OF  RESULTS 

Several  methods  of  reducing  the  noise  radiated  out  of  a  SST  inlet  duct 
are  suggested  by  the  results  of  these  tests.  As  shown  by  Figure  9-31, 
one  of  the  most  effective  methods  would  be  to  expand  the  centerbody 
and  obtain  a  choked  throat  section  in  the  inlet,  effectively  blocking  the 
discrete  frequency  noise.  It  is  also  shown  in  Figure  9-32  that  sig¬ 
nificant  reductions  may  bo  obtained  with  a  nearly  choked  inlet,  which 
'maybe  more  desirable  than  a  fully  choked  inlet  from  safety 
considerations. 


;  =£&; 
st£  A'  % 


The  length  of  the  supersonic  inlets  provides  a  considerable  area  where 
acoustical  treatment  materials  may  be  installed  and,  as  was  shown 
by ‘the  tests,  substantial  noise  reductions  can  be  achieved. 

When  the  sharp  inlet  lip  was  tested,  a  very  significant  change  in  the 
quality  of  the  noise  from  the  inlet  was  observed.  This  change  in 
quality  would  probably  not  result  in  a  lower  calculated  PNdb  level 
because  the  octave  band  noise  levels  were  not  changed.  However,  the 
sound- was  judged  by  observers  to  be  considerably  less  annoying  be¬ 
cause  of  the  absence  of.  the  discrete  tones.  The  spectral  composition 
is.  shown  in  Figure  9-33. 

Estimates  of. noise  from  the  STF219  engine  have  been  made  by  Pratt  & 
Whitney  Aircraft  using,  both  full  values  of  inlet  compressor  noise  and 
with  the  inlet  noise  reduced  by  ten  db.  This  ten  db  reduction  was  ex- 
;pected  tp  be  obtained  by  development  of  the  acoustical  Dualities  of 

engine  compressor  and  the  inlet  duct.  Results  of  these  tests, 
a-3'fKi^p. 9-34,  indicate  the  ten  db  reduction  suould  be  obtain- 
^1C  iniei  duct  alone,  if  necessary,  by  acoustical  treatment 
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6.  DISCUSSION  OF  RESULTS 


a.  Repeatability 


Results  of  the  test  program  are  felt  to  be  repeatable  to  within  ±3  db, 
which  is  ouite  good  for  inlet  noise  measurements.  Directivity  patterns 
measured  in  the  acoustically  treated  plenum  room  are'  sharply  defined, 
indicating  little  interference  from  unwanted  sound  reflecting  surfaces. 


b. 


Sources  for  Error 


One  of  the  largest  sources  for  error  in  these  tests  results  from  the 
relatively  short  distance  between  the  microphone  and  the  inlet.  If.  the 
microphone  is  still  in  the  "near  field"  of  the  inlet  duct  opening,  the 
directivity  patterns  measured  may  not  be  representative  of  those  in  the 
far  field.  As  the  size  of  the  plenum  room  is  the  limiting  factor,  it  is 
not  possible  to  positively  check  this  feature.  In  either  instance,  the 
measurements  taken  are  consistent  and  should  provide  a  good  indica¬ 
tion  of  the  relative  effects  of  the  inlets  on  far  field  noise. 


\i  -  c 


Another  possible  source  for  small  errors  is  the  change  in  the  noise 
energy  generated  by  the  compressor  when  inlet  ducts  having  differing 
pressure  recovery  characteristics  are  compared.  Source  strength  is 
very  difficult  to  monitor  as  the  readings  from  stationary  micropohones 
mounted  in  the  inlet  duct  have  little  meaning;  small  changes  in  micro¬ 
phone  position,  either  axial  or  radial,  may  show  a  large  difference  in 
db  indication  due  to  standing  sound  pressure  patterns  resulting  from 
combinations  oi  "spinning  modes".  Future  tests  using  devices  to  pur¬ 
posely  reduce  the  inlet  recovery  factor  should  be  run,  and  the  effect 
on  generated  sound  should  be  documented. 


c. 


Two-Dimensional  Inlet  Sound  Directivity 


Measurements  of  noise  in  both  the  horizontal  and  vertical  plane  from 
the  two-dimensional  model  inlet  showed  a  reduction  in  peak  fly-over 
noise  of  about  six  db  when  compared  with  the  axisymmetrical  model 
(see  Figure  9-35).  To  determine  whether  the  noise  radiation  pattern 
from  the  two-dimensional  inlet  was  symmetrical,  microphones  were 
simultaneously  traversed  along  arcs  in  both  the  horizontal  and  vertical 
planes.  This  test  was  also  repeated  with  the  pivot  point  of  the  micro¬ 
phones  moved  about  two  feet  forward  from  the  standard  location,  cen¬ 
tered  beneath  the  widest  section  of  the  duct  opening.  Although  near 
field  effects  were  suggested  by  apparent  differences  in  sound  radiation 
patterns  observed  after  moving  the  microphone  arc  pivot  point,  signi¬ 
ficant  differences  in  the  hotizontal  and  vertical  planes  were  not  suggested 
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Although  substantial  changes  in  noise  Because  ojC  a  sharp. lipwere  noted* 
the  in-flight  effect  of  forward  velocity  will  result  in  less  turBuleSce’  -\ 
SoVir  the  inlet  lip,  than  during  ground  operation.'.  Opening -the  inlVi  :blow>' 
in  doors  may  also  have  a  substantial  effect  on  air  velocities  oyer  the 
lip,  and  tests  of  this  configuration  are  planned.  However  j  some  tur<- 
Indent  flow  over  the  inlet  lip  can  be  expected  at  approach  flight  speeds 
and* approach  thrust  settings,  and  the  effect  of  this  on  the  sound  quality 
will  probably  be  favorable;. 


il 
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e.  Effect  of  Inlet  Mach  Number  ~~~ 

Results  of  acoustic  tests  with  high  velocity  flow  in  both  the  axisymmetric 
and  the  two-dimensional  inlet  ducts  are  shown  in  Figure  9-32,  More 
complete  analysis  of  the  data  from  tests  on  the  a xi symmetrical  inlet 
suggested  the  curve  shown  in  the  preliminary  report, dated  1  November 
1964,  be  revised  as  now  shown. 


Theories  to  describe  the  flow  of  acoustical  energy,  contained  in  "spin¬ 
ning  mode"  pressure  patterns,  upstream  through  a  duct  with  a  varying 
flow  Mach  number  are  not  well  established.  As  the  acoustic  energy  is 
contained  in  the  "spinning  modes",  sound  is  not  propogated  directly 
opposite  to  the  direction  of  flow,  but  at  some  angle  to  it.  This  angle 
is  governed  by  the  rotational  speed  of  the  "spinning  mode"  and  also  by 
the  flew  velocity.  Increased  flow  velocity  tends  to  shift  the  mode  propa¬ 
gation  direction,  and  may  reduce  the  acoustical  energy  propogated  toward 
the  duct  opening. 


It  is  possible  that  compressors  having  different  blade-vane  numbers 
may  require  different  inlet -duct  flow  Mach  numbers  to  obtain  equal  values 
of  noise  reduction.  The  least  desirable  compressor  configuragion 
would  have  equal  numbers  of  blades  and  vanes  and  generate  plane  waves 
which  would  probably  require  nearly  sonic  duct  velocity  to  achieve  com¬ 
plete  blockage.  The  "spinning  mode"  helix  angle  can  be  varied  at  a 
given  rotor  speed  by  changing  the  number  of  vanes.  Consequently,  the 
duct  Mach  numbers  required  to  block  the  propagation  of  sound  through 
the  inlet  may  depend  on  the  rotor-vane  configuration. 
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-AFrbhv  the  results  of  the  test,  duct  shape  appeared  to  have  a  relatively 
siriaB  effect  on  the  reduction  of  noise  with  increasing -Mach 'number. 
However,  much  more  data  were  available' from  fche-twp-dimensional 
.  -iinlet  than  from  the  axisymmetrical  inlet.  A  better  comparison  to  deter¬ 
mine  the  effect  of  inlet  shape  can  he  obtained  only  after  further  tests 
of  the  axisymmetrical  inlet  at  several  additional  duct -flow  Mach  num¬ 
bers. 

A  better  understanding  of  the  effect  of  inlet-duct  flow  Mach  number  on 
compressor  noise  propogation  is  desirable.  This  approach  may  well 
provide  the  means  for  obtaining  low  airplane  noise  levels  during  landing 
approach  without  affecting  the  safety  of  operation  or  necessitating  the 
inclusion  of  devices  in  the  inlet  for  the  sole  purpose,  of  noise  attenuation.- 
Future  tests  should  be  conducted  with  more  instrumentation  to  allow 
detailed  study  of  the  inlet -duct  flow  conditions  and  sound  propagation 
characteristics.  Variations  in  blade  and  vane  numbers  should  also  be 
tested  to  better  establish  the  relationships  between  compressor  design  . 
and  the  attenuation  of  sound  with  inlet-duct  flow  velocity.  Results  of 
these  tests  would  be  of  interest  for  the  design  of  both  SST  airplane  inlets 
and  engine  compressors. 

f.  Inlet  Length 

The  small  change  in  noise  with  inlet  length,  shown  in  Figure  9-36, 
could  have  resulted  from  a  build  up  of  the  boundary  layer  in  the  long 
duct.  Theoretical  analysis  indicates  that  inlet  length  should  have  no 
effect  on  noise. 

g.  Sound  Absorbing  Materials 

Results  of  acoustic  tests  of  inlet  ducts  having  perforated-sheet  walls 
backed  by  Fiberglas,  showed  significant  noise  reductions.  Although 
these  tests  showed  the  use  of  acoustical  treatment  is  effective,  further 
tests  must  be  conducted  to  evaluate  the  effectiveness  of  various  types 
of  materials  and  to  determine  their  optimum  location  in  tho  inlet.  The 
high  temperatures  in  the  inlet  of  a  SST  during  cruise  rule  out  the  use  of 
many  familiar  acoustic  materials  including  Fiberglas. 

To  evaluate  the  effect  of  a  perforated- sheet  wall  on  noise  propagated 
out  of  an  inlet  duct,  the  Fiberglas  filling  material  was  removed  from 
the  inlet.  Results  of  tests  on  the  revised  inlet  showed  some  discrete* 
noise  attenuation  when  compared  with  a  hard-walled  duct,  but  much 
less  attenuation  than  was  measured  with  the  Fiberglas  in  place.  Se- 
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^‘il?]W‘--y " "  '•;  Ripyal  o{  the  Fiberglas  wool,  from  the  perforated  duct  lining,  also  caused 
K\Wx;''';i''•,■  ^.,^i^;aSle  increase  in  turbulence  noise.  The  apparent  reduction  in  dis- 
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^cgrGte  .Spis'e-wayhaye  'been  -the  result  of  the  more  random  character  ofe 


•tl^e -inlet' hpise,,  as  only  a  portion  of,  the  total  energy  was  passed  through 
the  50 :  cycle  band-Avidth  filter.  The  turbulence  was  probably  the  result 
of'-flow' through  the  holes  in  the  duct  surface.  Perforated, duct  liners 
Having  less  open  area  should  be, evaluated  for  acoustical  effectiveness. 


D.  -SOUND  ABSORBING  MATERIALS 


OBJECTIVES  OF  TESTS 


Compressor  discrete-frequency  noise  will  be  the  limiting  source  of 
engine  noise  during  the  SST  landing  approach  and  may  also  contribute 
to  the  overall  PNdb  level  at  the -three  mile  point  for  reduced  power 
climb-out.  This  noise  radiates  from  both  the  engine  inlet  and  the  fan 
discharge  duct.  Tests  have  shown  that  properly  designed  acoustic 
absorbing  treatments  can  be  incorporated  as  inlet  and  fan  duct  linings 
to  provide  significant  reductions  in  this  component  of  the  noise. 


The  effect  of  airflow  on  the  sound  absorbing  properties  of  linings  has 
been  found  to  be  important.  A  lining  which  is  effective  under  no-flow 
conditions  gradually  loses  its  absorbing  properties  when  air  is  flowing 
in  the  .same  direction  as  the  sound  is  propagating.  The  effect  of  flow 
op  sound  propagation  in  an  upstream  direction  is  much  less  pronounced. 
Therefore,  it  is  a  more  difficult  matter  to  evolve  a  satisfactory  ab¬ 
sorbing  liner  for  the  fan  discharge  duct  than  for  the  engine  inlet. 


...  ...  The  object  of  this  portion  i  '  the  Phase  IIA  program  Was  to  develop 
sound  absorbing  treatments  applicable  to  the  STF219.  Since  the  fan 
discharge  application  is  the  more  difficult,  efforts  were  concentrated 
on  this  application. 


DESCRIPTION  OF  FACILITIES 


Early  tests  of  sound  absorbing  materials  for  use  in  lining  fan  inlet  and 
discharge  ducts  in  the  first  commercial  turbo. 'an  engines  were  made 
.in  simple,  small-scale  rectangular  ducts  using  loud-speaker  noise 
sources.  At  the  frequencies  of  interest,  the  wave  lengths  were  small 
compared  to  the  ductl^ross- section  dimensions,  so  that  the  sound 
.pressure  field  was  distributed  over  the  cross  section  in  complicated 
•patterns.  These  patterns  were  very  sensitive  to  the  loud-speaker 
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operatidn  anci<ma(3e  repeatable  results  ektremelydifficulf  to  obtain. 
Eurther  difficuliies  arose  in  comparing  results  measured  on  full- 
-sc ale. engine;  ducts  with  predictions  based  on  the  small-scale  test  ducts, 
lit  was  found  essential  to  evolve  a  model  technique  in  which  the  dimen- 
sipnsbetween  the  treated  surfaces  is  the  same  in  the  model  test  as  in 
Jiie  full- scale  application.  The  effect  of  treating  the  walls  of  the  fan 
^.discharge  annulus  can  be  realistically  studied  if  an  annular  segment 
having  the'  full-scale  annular  width  and  a  convenient  length  is  used  as 
a  model.  In  practice,  for  ducts  of  large  diameter-to-annulus-width 
ratio,  the  annular  segment  can  be  developed  into  a  rectangular  duct 
for  convenience  of  model  tests.  _  - 


To  avoid- complicated  sound  pressure  distributions  in  the  test  duct 
which',  would  differ  from" the~  distribution  in  the  full-scale  engine, 
it  is  essential  to  supply  the  duct  entrance  section  with  a  diffuse  sound 
field.  Such  a  field  is  characterized  by  a  slightly  fluctuating  sound. 
pressure  level  at  all  points  in  the  entrance  cross  section  but  has  the 
property  that  the  time  averaged  levels  are  the  same  at  all  these  points. 
This  diffuse  field  is  conveniently  supplied  by  connecting  the  test  duct 
entrance  section  to  a  reverberent  chamber  in  which  is  operated  a 
random  noise  source.  By  surveying  the  sound  field  radiated  from  the 
sxit  of  the  test  duct,  in  both  the  treated  and  untreated  conditions,  an 
assessment  of  the  ab3orbtion  can  be  obtained  from  the  differences  of 
the  levels,  at  corresponding  locations  around  the  exit.  Providing  that 
the  radiation  directivity  patterns  are  not  too  different  in  shape  for  the 
hard- .and' treated-wall  ducts,  this  procedure  gives  an  effective  inser¬ 
tion  loss  but  necessitates  taking  readings  at  a  relatively  large  number 
of  angular  locations,  during  which  time  the  acoustic  source  level  must 
_remain; constant.  To  eliminate  the  complications  of  this  procedure, 
a  method  was  developed  for  utilizing  a  well-known  acoustic  technique 
wherein. the  test  duct  exit  is  terminated  in  a  duplicate  reverberation 
chamber.  By  means  of  this  technique  the  insertion  loss  of  a  treated 
duct  can  be  obtained  by  comparing  readings  from  a  single  microphone 
located  in  the  downstream  chamber  with  those  obtained  with  the  un¬ 
treated  reference  duct.  Figure  9-37  shows  the  two  chambers  and  the 
interconnecting  test  duct. 


METHOD  OF  TEST 


The  theory  of  the  two-room  insertion  testing  is  based  on  the  use  of  a 
diffuse  sound  field. in  the  two  reverberant  chambers,  with  rms  sound 
pressures  in  the  source  and  receiving  chambers  of  ps  and  pr, 
respectively.  The  duct  to  be  studied,  having  a  cross-section  area  of 
,A(J,  is^inserted  between  two  chambers  having  wall  surface  areas 
:AS  and  Af- 
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The  incident  sourd  intensity  per  unit  wall  area  is  chen  proportional 
to  p2  and  we  set 

- 1  =  K  p2 

where  I  =  sound  intensity,  p  c  rms  sound  pressure,  and  K  =  constant. 

If  Ad  is  the  cross  sectional  area  of  the  duct,  then  the  acoustic  power,  P, 
transmitted  into  the  duct  from  the  source  chamber  is 

^  in  =  ^  Ad.  Ps  • 

As  a  result  of  the  sound  attenuation  in  the  duct,  the  power  leaving  the 
duct  in  the  receiving  room  is  reduced  by  a  factor  B.  The  equation 
for  fhe  energy  balance  is 

B  K  Ad  ps2  =  K  (Ar  ar)Pr2  +  K  Ad  pr2. 

where  &r  is  the  wall  absorbtion  coefficient'. 

The  left  hand  side  of  this  equation  represents  the  acoustic  power  trans¬ 
mitted  out  from  the  duct  into  the  receiving  chamber.  (It  equals  the 
incident  power  from  the  source  room  reduced  by  the  factor  B.  )  The 
first  term  on  the  right  hand  side  of  the  equation  is  the  power  absorbed 
by  the  walls  in  the  receiving  chamber  and  the  second  term  is  the 
power  going  back  into  the  duct.  From  this  equation  we  can  now  ex¬ 
press  the  factor  B  in  terms  of  the  measured  quantities,  ps  and  pr, 
as  follows: 

2  i 

B  =  —  - - - 

Ps^  (Arar/Ad)+  I 


Expressed  in  decibels, 


10  log  io  (~)  =  20  log  jo  (-PJ-)  +  10  log  10  (1 

B  Pr  •  Ad 


The  first  term  on  the  right  hand  side  of  this  equation  is  simply  the 
difference  between  the  sound  pressure  levels  in  the  source  and  the 
receiver  chambers,  Ls  and  Lr  in  db.  Thus, 


10  log  jo  (-g~) 


Ls  -  I.r  +  10  log  j o  (1_+Al«E.) 

Ad 
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The  incident  sound  intensity  per  unit  wall  area  is  then  proportional 
to  p2  and  we  set 


where  I  =  sound  intensity,  p  =  rms  sound  pressure,  and  K  -  constant. 

If  is  the  cross  sectional  area  of  the  duct,  then  the  acoust'c  power,  P, 
transmitted  into  the  duct  from  the  source  chamber  is 

^  in  =  ^  Ps  • 

As  a  result  of  the  sound  attenuation  in  the  duct,  the  power  leaving  the 
duct  in  the  receiving  room  is  reduced  by  a  factor  B.  The  equation 
for  the  energy  balance  is 

B  K  AcI  ps2  =  K  ( Ar  «r)Pr2  +  K  Ad  Pr2. 
where  ar  is  the  wall  absorbtion  coefficient'. 


The  left  hand  side  of  this  equation  represents  the  acoustic  power  trans¬ 
mitted  out  from  the  duct  into  the  receiving  chamber.  (It  equals  the 
incident  power  from  the  source  room  reduced  by  the  factor  B.  )  The 
first  term  on  the  right  hand  side  of  the  equation  is  the  power  absorbed 
by  the  walls  in  the  receiving  chamber  and  the  second  term  is  the 
power  going  back  into  the  duct.  From  this  equation  we  can  now  ex¬ 
press  the  factor  B  in  terms  of  the  measured  quantities,  ps  and  pr, 
as  follows: 


B  =  -E^- 
Ps2 


(Ar  ar/Ad)  +  1 


Expressed  in  decibels, 


10  log  IQ  (4*)  =  20  log  io  (-i~)  +  10  log  10  (1  +Ar.-«r..) 


The  first  term  on  the  right  hand  side  of  this  equation  is  simply  the 
difference  between  the  sound  pressure  levels  in  the  source  and  the 
receiver  chambers,  Ls  and  Lr  in  db.  Thus, 


10  log  io  (- 


=  Ls  -  Lr  +  10  log  io  ( 1  + 
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The  correction  term,  10  log]o  { 1  +  Ar  ^r/A^),  can  be  determined 
from  reverberation  measurements  in  the  receiving  chamber.  The 
purpose  of  such  a  measurement  is  of  course  to  measure  the  wall 
absorption  {Ar  ar)*  Thus  if  the  reverbo ration  time  is  Tr  we  obtain 


,0.  05V 
A~  a  r 


0.  05V 
T 

J>  •»* 


where  V  =  chamber  volume. 

A  model  pulse-jet  engine  ("  Dyna-jet")  was  used  as  the  noise  source 
in  one  of  these  chambers.  The  pulse-jet  is  shown  in  Figure  9-38. 

The  fundamental  frequency  of  the  pulses  was  about  225  cycles  per 
second,  and  all  harmonics  are  present  up  to  frequencies  above  the 
range  of  interest.  Using  this  noise  source,  one-third  octave  band 
measurements  were  made  from  2000  through  6000  cycles  per  second. 
Air  flow  through  the  reverberant  chamber  and  duct  system  was  supplied 
by  a  300  HP  low  pressu~e  blower.  The  sound  source  can  be  trans¬ 
ferred  from  one  chamber  to  the  other  for  study  of  sound  attenuation 
against  the  flow. 


Since  the  test  method  is  predicated  on  the  existence  of  a  diffuse  sound 
in  the  reverberant  chamber,  several  tests  cf  the  reverberant  field 
decay  were  made.  In  each  case,  chart  recordings  of  he  level  in  the 
chambers  showed  a  smooth  uniform  decay.  Also,  several  micro¬ 
phone  positions  wore  tested  with  nearly  identical  results.  The  sound 
pressure  locelc  in  each  of  the  chambers  .vere  monitored  by  a  2  1  BR- 
180  microphone.  The  output  of  these  microphones  was. fed  to  a 
General  R'*dio  one-third  octave  band  filter  and  Graphic  level  Recorder. < 
With  the  pulse-jet  operating,  the  difference  in  sound  pressure  levels 
between  the  source  and  receiving  chamber  was  measured  for  both  the 
hard  wall  duct  and  its  treated  counterpart.  The  difference  was  then 
attributed  to  the  treatment  in  the  duct. 


4.  RESULTS 


A  sketch  of  a  portion  of  the  fan  discharge  duct  of  the  STF2  19  engine  is 
shown  in  Figure  9-39-  With  this  design  it  is  possible  to  insert  split¬ 
ters  which,  can  be  treated  with  absorbing  material.  These  splitters 
have  the  dual  effect  of  eliminating  line  of  sight  transmission  of  the 
noise  and  increasing  the  amount  of  absorptive  surface.  Two  modi  is 
were  tested,  one  with  the  flow  split  into  three  channels  and  the  other 
split  into  two  channels.  A  photograph  of  the  model  SST  engine  fan- 
discharge  duct with  a  channel  having  one-third  of  the  duct  width  and 
two  splitters  for  the  full-scale  engine  is  shown  in  Figure  9-iO. 
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The  duct  linings  used  for  the  tests  are  described  in  Figure  9-41«  Ihe 
acoustic  treatment  (Feltmeta!)  shown  in  Figure  9-4  0  was  made  of 
420  stainle&'s  steel.  All  of  the  feltmetal  had  a  20  percent  density  and 
an  average  pore  sise  of  500  microns.  The  test  results  for  the  duct 
equivalent  in  width  to  one-third  of  the  fan  exhaust  duct  are  shown  in 
Figures  9-42  through  9-45  for  an  airflow  through  the  duct  of  300  feet 
per  second. 


L 


Figure  9-42  shows  the  insertion  loss  with  Jining  A.  Since  this  lining 
is  very  thin  the  low  frequency  absoiption  is  negligible.  Because  of 
the  elimination  of  line  of  sight  and  the  better  absorption  at  the  high 
end  of  the  spectrum,  the  insertion  loss  improves  with  frequency. 

Figure  9-43  shows  the  effect  of  an  increased  lining  thickness  by  spac¬ 
ing  the  feltmeta]  from  the  back  surface  with  honeycomb.  The  improve¬ 
ment  at  the  low  end  of  the  spectrum  is  parti.-  ;larJy  important.  Figure 
9-44  shows  even  better  low  frequency  attentuation.  The  thicker  layer 
of  feltmetal  is  a  decided  improvement  over  lining  A.  Note  that  the 
tipper  range  of  frequency  still  show  the  effect  of  the  elimination  of  the 
line  of  sight  through  the  duct.  Figure  9-45  shows  the  results  of  tests 
with  lining  D,  the  thickest  lining  tested.  Again  the  improvement  at 
the  low  frequencies  is  noticeable.  Back ; round  noise  due  to  flanking 
sound  limited  the  insertion  loss  that  could  «-  measured. 

Figure  9-46  shows  the  effect  of  duct  air  velocity.  Little  or  no  change 
in  insertion  loss  was  noted  over  the  range  of  velocities  tested  (100  to 
300  feet  per  second).  It  might  be  noted  that  the  phenomenon  of  atten¬ 
uation  remaining  constant  with  duct  velocity  has  not  been  observed  in 
previous  work  on  flow  through  straight  ducts. 

Figure  9-47  gives  the  results  of  a  model  duct  having  one-half  the  width 
of  the  STF219  duct.  The  line  of  sight  was  not  eliminated  completely 
so  that  the  high  frequency  end  of  the  spectrum  is  not  attenuated  as 
much  as  the  one-third  size  duct  model.  However,  there  is  more 
attenuation  available  in  the  high  frequency  range  than  is  needed  to 
reduce  the  fan  discharge  noise  below  the  exhaust  noise  background  level. 

Several  tests  were  conducted  on  straight  ducts  lined  with  tuned  absorb¬ 
ing  liners -consisting  of  a  perforated  facing  spaced  from  the  hard  walls, 
in  which  a  small  quantity  of  air  was  pumped  through  the  duct  perfora¬ 
tions.  The  program  was  designed  to  explore  possible  increases  in 
acoustic  resistance  by  the  presence  of  a  steady  flow  superposed  on  the 
oscillatory  sound  particle  velocity  through  the  facing  perforations. 

Since  none  of  the  configurations  tested  gave  significant  sound  absolu¬ 
tion  no  test  results  are  oreser.ted  here. 
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5.  EFFECT  OF  RESULTS  ON  SST  AIRPLANE  DESIGN 

<►  ' 

The  results  of  the  tests  have  shown  that  use  of  a  curved  duct  with 
narrower  channels  created  by  treated  splitters  will  yield  excellent 
attenuation  of  fan  noise.  The  elimination  of  line-of-sight  transmission 
of  noise  together  with  channels  whose  width  is  near  the  wave  length  of 
the  sound  to  be  attenuated  are  important  considerations  in  the  design 
of  the  duct. 

Straight  ducts  were  not  nearly  as  effective.  They  would  require  narrower 
channels  and  are  affected  much  more  by  the  flow.  Use  of  bleed  air  in 
an  absorbing  duct  gave  no  substantial  results. 


6.  RECOMMENDATIONS 

These  preliminary  results  have  indicated  that  the  discrete  frequencies 
in  the  SS'*'  engine  fan-discharge  duct  can  be  effectively  reduced. 

Further  vvc.  vk  to  fully  exploit  the  findings  on  the  curved  duct-feltmetal 
combina?iuu  should  be  continued.  This  work  should  be  directed  toward 
op  limiting  <he  attenuation  while  minimizing  the  weight  of  the  treatment. 

T!  '  utJO  of  bleed  air  through  the  treatment  should  also  be  explored 
further,  although  preliminary  results  are  discouraging  it  is  believed 
t*,«t  sNali,  factory  results  may  be  achieved,  thus  providing  another 
technique  for  noise  reduction. 


E.  EXHAUST  NOISE 


: .  INTRODUCTION 

The  object  of  the  Phase  II-A  model  exhaust  noise  program  was  to  study 
the  noise  characteristics  of  exhaust  nozzle  systems  designed  for  the 
SST  powerplant  and  to  explore  some  means  for  optimizing  exhaust  noise 
suppression. 

While  the  SST  airplane -powerplant  configurations  in  design  will  be  able 
to  meet  the  appropriate  community  noise  limits,  any  noise  reduction 
that  can  be  achieved  without  penalizing  performance  is  a  valuable  con¬ 
tribution. 
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A  limited  amount  of  fly-over  noise  data  on  powerplants  equipped  with 
an  exhaust  nozzle  system  of  the  type  designed  for  the  SST  were  obtained 
which  indicated  a  significant  reduction  in  expected  noise  levels  (see 
Appendix  B).  The  model  nozzle  program  was  intended  to  more  fully 
explore  this  area. 


2.  DESCRIPTION  OF  FACILITIES 


An,  overall  diagram  of  the  anecho'c  chamber  test  facility  is  shown  In 
Figure  9-48.  Basically  the  facility  consists  of  a  compressed  air  sup¬ 
ply  a  natural  gas  fuel  supply  system,  and  a  burner  section  in 
which  the  natural  gas  is  mixed  with  compressed  air  and  burned  to  he 
exhausted  through  the  test  nozzle. 

a.  Oo impressed  Air  Supply 


The  compressed  air  is  supplied  through  a  plenum  ehamboi  to  provide 
uniform  flow  at  the  airflow  measuring  venturis.  A  system  of  duct 
work  divides  the  air  flow  into  a  primary  and  two  secondary  ?. reams 
before  entering  the  burner  section.  The  air  supply  delivers  five  pounds 
per  second  at  37  psia. 

b.  Fuel  Supply  System 


The  natural  gas  fuel  system  was  developed  and  built  during  the  contract 
period  to  replace  the  previously  used  JP-4  jet  fuel  system.  This  modi¬ 
fication  \os  necessary  to  obtain  the  high  temperature  required  to 
simulate  the  SST  engine  cycle.  The  natural  gas  is  received  through  city 
gas  lines  after  which  it  is  compressed  to  120  psi,  cooled  and  piped  to 
a  surge  tank.  A  photograph  of  the  gas  supply  equipment  is  shown  in 
Figure  9-49.  A  regulator  system  on  the  outlet  of  the  surge  tank  provides 
the  main  gas  stream  which  is  divided  into  three  individually  regulated 
streams  to  the  burner  section.  Inherent  in  the  natural  gas  system  is 
the  threat  o:  explosions  or  serious  leaks.  Accordingly,  an  extensive 
network  of  safety  devices  was  installed  in  conjunction  with  the  gas  system. 

Co  Test  Rig  and  Anochoic  Chamber 

The  burner  section  and  test  nozzle  are  mounted  in  an  anechoic  chamber 
wherein  acoustic  measurements  of  the  jet  noise  are  made.  The  anechoic 
chamber  is  constructed  of  wedge-shaped  sections  c-f  Fiberglas  and  is 
designed  to  prevent  reflections  of  frequencies  above  300  cps. 
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The  hot  gases  exhausted  through  the  nozzle  are  carried  out  of  the 
anechoic  chamber  by  exhaust  fans  in  the  roof.  To  assure  proper  cooling, 
and  purging  of  the  chamber,  an  additional  300 hp  centrifugal  blower 
provides  air  flowing  from  the  floor  up  over  the  burner  section  and  through 
the  chamber. 
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A  more  detailed  drawing  of  the  burner  section  with  a  test  nozzle  mounted 
is  shown  in  Figure  9-50.  Here  it  is  shownhow  the  compressedair  supply 
stream  is  divided  into  a  primary  stream  and  two  secondary  streams. 

The  primary  stream  passes  through  a  throttling  valve  to  the  fuel  injector 
where  natural  gas  is  mixed  with  the  Fir  stream.  In  the  burner  section 
combustion  takes  place  and  the  hot  combustion  products  are  exhausted 
through  the  primary  nozzle.  Air  flow  and  combustion  occurs  in  the  same 
manner  in  the  two  secondary  duct  sections.  Following  combustion,  the 
two  hot  secondary  streams  combine  tn  the  collector  ring  and  pass  on 
through  the  secondary  or  duct  nozzle. 

The  flexibility  of  a  test  rig  constructed  in  this  way  should  be  noted. 

The  throttling  valves  shown  in  Figure  9*50  and  photographbd  in  Figure 
9-51  allow  control  of  the  by-pass  ratio,  the  ratio  of  secondary  air  to 
primary  air.  In  addition,  the  secondary  airflow  can  be  shut  off  com¬ 
pletely  to  study  primary  jet  noise.  Since  the  burner  and  fuel  supply 
systems  for  the  primary  and  secondary  streams  are  separate  units,  it 
is  also  possible  to  run  different  air -fuel  ratios  in  the  two  sections. 


As  a  consequence  of  the  extremely  high  temperatures  required  at  the 
nozzle  in  simulating  the  duct  heating  engine  cycle,  about  3000°F,  some 
of  the  test  nozzles  had  to  be  constructed  with  water  cooled  walls.  The 
intricate  nozzle  cooling  system  required  the  installation  of  a  fairly 
sophisticated  water  system  in  the  anechoic  chamber  wherein  control  of 
several  waterflow  rates  and  water  stream  temperatures  are  maintained. 
A  photograph  of  the  water  cooled  nozzle  designed  for  maximum  duct 
heat  operation  is  shown  in  Figure 

3.  METHOD  OF  TEST 

In  evaluating  model  nozzle  configurations  it  is  necessary  to  consider 
both  sound  and  performance.  Accordingly,  the  test  program  was  laid  , 
obt  to  document  both  of  these  considerations  for  each  model  tested.  Rig 
operating  points  were  selected  in  the  light  of  the  SST  engine  operating 
schedule.  The  engine  nozzle  pressure  ratio  versus  tailpipe  temperature 
relation  in  the  operating  range  was  simulated  by  the  particular  model. 

At  each  operating  point  two  duct  pressures  were  used,  one  where  duct 
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The  preceding  calculations  have  been  programed  for  an  IBM  1620 
computer. 

b.  Sound  Data  System 

The  procedure  involved  in  measuring  noise  levels  of  model  jet  nozzles 
and  converting  the  results  to  permit  predictions  of  full-scale  engine 
noise  is  best  illustrated  in  Figure  9-55.  Three  steps  in  the  process  are: 

•  Tape  recording  of  model  jet  noise  in  actave  bands. 

•  One-third  octave  spectral  analysis  and  conversion  of  the 
recorded  data  to  IBM  cards  by  SNOREe 

•  Processing  of  the  model  data  and  calculation  of  full-scale 
predictions  by  IBM  1620. 

The  sound  data  recording  system  is  shown  schematically  in  Figure  9-56 
and  photographically  in  Figure  9-57.  For  the  one-fourteenth  scale  models 
used  to  predict  full-scale  results,  the  full-scale  seventh  octave  maximum 
frequency  of  4800  cps  requires  a  measurement  of  model  jet  noise  up  to 
about  65,000  cps. 

Response  limitations  of  the  tape  recorder  and  related  equipment  set 
an  upper  frequency  limit  of  about  65,  00U  cps.  This  allowed  recording 
of  the  first  seven  octaves  of  noise  scaled  up  in  frequency  for  the  model 
to  full-scale  size  ratio.  As  noise  in  the  eighth  octave  is  usually  of  no 
importance  in  a  jet  noise  spectrum,  no  useful  information  was  lost  by 
not  measuring  it. 

A  B&K  one-quarter-inch  diameter  high-frequency  microphone  was 
used  to  survey  the  sound  field.  Figure  9-58  shows  the  microphone 
mounted  on  a  boom,  which  swings  in  an  arc  over  the  model  nozzle,  to 
measure  the  sound  radiation  pattern  at  constant  radius.  The  boom  is 
positioned  in  five-degree  increments  over  a  90-degree  arc,  and  a 
50-second  recording  of  the  noise  is  made  at  each  position.  A  network 
of  prefilters  separate  the  noise  into  eight  octave  bands.  These  bands 
are  individually  amplified  and  recorded  on  the  14 -channel  tape  recorder 
along  with  one  unfiltered  overall  channel.  This  scheme  is  used  to 
.oyercome  the  ultrasonic  dynamic  range  limitations  of  the  tape  recorder. 

The  recording  system,  is  calibrated  with  a  known  sound  pressure  level 
fed  into  the  system  through  the  microphone.  In  addition,  a  pink  noise 
signal,  equal  energy  per  octave,  is  recorded  on  tape  to  determine  the 
-ffequenc-y  response  of  the  system. 
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'"  The  magnetic  tapes  are  transported  to  Pratt  &  Whitney  Aircraft’s  data 
handling  system,  SNORE  (Sequential  Noise  Output  Recording  Equipment), 
-shown  in  Figure  9-59..  This  system  divides  the  eight  recorded  octave 
iBacds  into  one-third  octave  bands  and  converts  the  sound  levels,  re¬ 
corded  on  a  linear  voltage  scale,  to  a  logarithmic  decibel  scale.  The 
output  of  this  information  from  SNORE  is  in  the  form  of  IBM  punched 
cards. 

An  IBM  1620  has  been  programmed  to  process  model  jet  noise  data 
recorded  on  punched  cards  by  SNORE,  In  the  program,  appropriate 
microphone  response  and  attenuator  corrections  are  applied  to  the  re¬ 
corded  noise  levels.  In  addition,  corrections  to  the  measured  noise 
level  are  applied  to  account  for  attenuation  in  the  chamber  which  is 
significant  in  the  ultrasonic  range  for  the  ten-foot  nozzle  -toM-nicrophone 
distance.  The  resulting  sound  pressure  levels  are  printed  out  in  tabular 
form  giving  one -third  octav  spectra  for  each  boom  angle  at  a  constant 
radius.  In  addition,  an  integrated  overall  sound  pressure  level  is  com¬ 
puted  for  each  microphone  position.  These  results  are  then  scaled  to 
give  predictions  of  noise  for  the  full-scale  engine  at  a  150-foot  constant 
radius  and  PNdb  at  constant  altitudes.  The  constant  altitude  results 
give  the  PNdb  for  a  simulated  fly-over  at  several  altitudes.  These  re¬ 
sults  arc  shown  schematically  in  Figure  9-60. 


4,  RESULTS 

Acoustic  test  results  are  available  in  the  primary  velocity  range  of 
1200  to  2000  feet  per  second  on  two  versions  of  the  basic  SST  blow-in¬ 
door  ejector  nozzle  in  a  configuration  without  duct  heat. 


Over  the  entire  operating  range  without  duct  heating,  the  primary  stream 
velocity  is  sufficiently  higher  than  that  of  the  secondary  so  that  it  is  the 
only  significant  source  of  noise.  Previous  experiments  have  shown, 
however,  that  surrounding  the  primary  stream  with  secondary  or  by¬ 
pass  air  can  modify  the  basic  primary  jet  noise.  This  change,  which 
;  is  called  the  secondary  interaction  effect  depends  on  the  geometric 

,  details  of  the  by-pass  nozzle  configuration.  Therefore,  to  evaluate 

-3  this  effect,  the  test  program  included  noise  surveys  of;  1)  the.  pri~ 

I'  ~  -  mary  stream  only  2)  both  primary  and  secondary  streams  and  3)  the 

'  ..  complete  system  with  ejector  shroud  attached. 

I.'  V  »'. ' 

|<  The  two  basic  SST  nozzle  systems  for  operation  without  duct  heating 

. ;  that  were  tested  were  designated  (1,1,1)  and  (1,2,  1).  The  first 

H'.  y  ’  :  digit  refers  to  the  primary  nozzle,  the  second  digit  design  .os  the  sec- 

fceh\*V-^j“^.v.  -  ;ondar,y  nozzle,  and  the  final  digit  identifies  the  ejector  shroud.  Con- 
rfigdratipn  (1, 1,1)  had  a  secondary-area-to-primary-area  ratio  of 
'r y-gbpf  o  ximate ly  .0.5.  and  configuration  (1,2,  i)  incorporated  a  reworked 
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-?ea  .^HS:?  ?at»o  of  approximately  j)>8>  .Gomrxion  to  both 
.^ndaries  were  fhe  same  primary  andejector  shroud.  Runs  were 
made  on  the  following  combinations  of  components  (see  figures  9-6 1- 
<ahd  9-62  j:  .  b 

•  >  -j 

(1.0,0)  primary  nozzle  only 

Ti:l:S  ^“rystream“  «:•*•;>  ^ 

n  .  ,»  .  ,  ...  U»^-»0;  both  streams 

U.l.i)  ejector  aided  (1,2,!)  ejector  added 

ar°  given  in  *h°  Performance  curve, 

:  ™:;:r~rsen,cd  as  rctrr 

the  following  essential  properties..  ™j 

the  duct  preesure  ratio  and  temperature.  Two  schedules  of  duct 
pressure  ratio  were  followed  for  the  same  engine  pressure-temperature 
operating  line,  one  corresponding  to  essentially  equal  primary  and 
secondary  pressures  and  the  other  giving  a  higher  duct  pressure  ratio 
second"8 G  °f  Primary  velocUy  explored  was  from  1200  to  2100  feet  per 


Of  the  mauy  Possible  ways  of  presenting  the  large  amount  of  sound 
data,,  it  was  decided  to  present  200-foot  altitude  maximum  PNdb 
versus  primary  pressure  ratio,  PTe/PamB.  corresponding  to  the 
-scale  configuration.  As  described  previously  in  detail,  thes* 
values  were  obtained  by  an  IBM  program  using  a  14:1  scale  factor 
and  transforming  model  one -third  octave  sound  levels  to  full-scale 

culvPesetep°NdbVcean  cr°8.8^fwacin«  the  corresponding  performance 
curves,  PNdb  can  be  correlated  with  other  properties  such  as  jet 
velocity  or  percent  thrust.  J 
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fnf/,  ,,COM  SUrati°nS  USing  the  SmaJler  secondary  nozzle,  (1,  1,  0) 

H  ?  'm  ’  !’,rer  S!milar  t0  thG  daU  for  ths  lar8er  secondary, 

’  °La"a  ’  ’  P’  a"d  are  therefore  «°t  included  here.  Referring 

to..tfie  PNdb  curves  for  configurations  (1,  2,  0}  and  (1,  2,  1),.  Figures 
9-67  through  9-70,  it  can  be  seen  that:  g 

1)  The  secondary  interaction  is  essentially  negligible. 

2)  In  the  primary  velocity  range  from  1200  to  2000  feet  per 
sepond,  the  addition  of  the  ejector  does  not  change  the  noise 
when  compared  at  the  same  pressure  ratio.  On  the  basis  of 
equal  thrust,  there  appears  to  be  a  small  (order  of  1  PNdb) 

-  reduction  when  operating  at  the  low  duct  pressure  schedule, 

,  '  V'  '  *but  ,since:  this  effect  is  not  evident  for  the  high  duct  pressure 
-r- — -  scheduleV-it:  is  ccnsidered  unreliable. 
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Concerning  the  lack  of  interaction  effect,  it  appears  that  the  upstream 
spacing  of  the  secondary  annular  nozzle  with  respect  to  the  primary 
discharge  plane  is  large  enough  to  prevent  an  increase  in  noise. 

Previous  tests  of  a  coplanar  discharge  nozzle  have  indicated  an  increase 
on  the  order  of  two  db  over  the  primary  noise.  For  a  configuration 
having  a  separation  distance,  of  about  three  primary  diameters,  a 
decrease  of  about  two  db  has  been  observed.  It  would  appear  that  the 
separation  distance  of  about  one -third  diameter  in  models  (1,  1,  1)  and 
(1,2,1)  represents  a  null  situation  in  which  the  secondary  interaction 
neither  reduces  nor  increases  the  primary  jet  noise. 


Figure  9-71  presents  normalized  maximum  OASPL  data  versus  rela¬ 
tive  jet  velocity  for  three  model  configurations.  Those  data  fail  on  a 
curve  which  is  about  four  db  below  the  curve  for  standard  nozzles 
adopted  by  the  SAE  A-21  committee.  It  is  to  be  expected  that  data  taken 
in  an  anechoic  environment  will  be  on  the  average  three  db  lower  than 
data  taken  in  the  presence  of  a  reflecting  ground  surface,  since  the 
effect  of  the  ground  is  to  add  the  reflected  field  pressure  to  the  duct 
sound  pressure.  Under  the  usual  conditions,  this  addition  is  incoherent 
and  raises  the  measured  overall  level  by  three  db.  The  data  obtained 
with  the  anechoic  chamber  model  system  are  thus  within  one  db  of  the 
SAE  A-21  standard. 


The  behavior  of  the  complete  exhaust  system  is  a  more  involved 
situation.  The  complication  results  from  the  larger  number  of  para¬ 
meters  required  to  describe  the  ejector  configuration.  Three  basic 
ratios  specify  a  simple  cylindrical  ejector ,  obtained  by  dividing  each 
of  the  following  dimensions  by  nozzle  diameter:  1)  ejector  diameter, 
2)  eiector  length,  3)  separation  between  nozzle  exit  plane  and  ejector 
entrance  plane.  On  most  ejectors  the  interior  contour  generally 
differs  from  a  simple  conical  surface. 


Some  fly-over  noise  data  from  aircraft  equipped  with  b.low-in-door 
ejectors  have  shown  noise  reductions  (see  Appendix  B),  although 
previous  noise  tests  of  other  ejectors*  have’  shown  inconsistent  results. 
Further  investigation  is  needed  to  provide  a  better  understanding  of 
noise  generation  phenomena  with  blow-in-door  ejectors. 


*  NaCA  Report  TN-3573;  "Effect  of  Exhaust  Nozzle  Ejectors  on 
Turbojet  Noise  Generation".  Also,  Activities  Reports  on  Jet  Noise 
Projects,  t!AG  Research  Laboratories,  period  September  to  December 
1.956.  .  \  •  . 
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Some  variations  of  model  SST  exhaust  configurations  have  been  fabri¬ 
cated  which  have  not  been  tested  due  to  lack, of:  time.  Essentially,  they 
involve  schemes  for  changing  the  cross-sectional  shape  of  the  primary 
and/or  by-pass  streams,  addition  of  channels  and  scoops  to  the  ejector 
shroud  to  introduce  supplemental  air  into  the  jet  stream,  and  variation 
of  the  shroud  terminal  nozzle  shape.  These  modifications  would  be 
applied  to  the  full-scale  engine  in  the  form  of  two-position  devices 
which  would  be  operated  for  noise  suppression  during  take-off  and 
climb-out  and  would  be  retracted  for  all  other  flight  conditions. 

5.  RECOMMENDATIONS 

On  the  basis  of  the  model  results,  it  appears  probable  that  secondary 
interaction  effects  and  basic  ejector  suppression  are  negligible  in  the 
operating  range  without  duct  heat,  whereas  some  full-scale  fly-over 
data  indicate  noise  reductions  (see  Appendix  B).  It  remains  to  explore 
devices  built  for  improving  the  mixing  of  the  primary,  secondary,  and 
induced  streams  for  the  purpose  of  noise  suppressions. 

Nozzles  built  but  not  tested  due  to  lack  of  time  arc: 

•  Two  basic  duct-heat  nozzle  systems,  incorporating  a  common 
water-cooled  primary  nozzle,  a  common  ejector,  and  2  water- 
cooled  secondary  nozzles,  one  for  maximum  duct  heat  and  one 
for  partial  duct  heat. 

•  Four  scalloped  nozzles  which  promote  the  mixing  of  the  pri¬ 
mary  and  secondary  streams.  These  are  for  operation  with¬ 
out  duct  heat  to  study  the  effect  of  primary- secondary  stream 
interfaces  on  noise,  both  with  and  without  the  inclusion  of  an 
ejector  shroud. 

Asymmetrical  nozzles  have  previously  been  explored  in  full-scale  and 
model  programs  for  straight  jet  ana  by-pass  exhaust  systems.  Rec- 
tangular  nozzles,  for  example  have  been  shown  to  give  significant 
noise  suppression  with  excellent  performance  characteristics.*  If 
additional  testing  is  requested,  a  model  ejector  shroud  terminating  in 
a  rectangular  shape  should  be  used  to  explore  the  possibilities  of  noise 
suppression  by  modifying  the  final  shape.  Previous  model  tests  have 


*  "Rectangular  Nozzles  for  Jet  Noise  Suppression";  Tyler,  Sofrin 
and  Davis,  SAE  Paper  57T,  1959. 
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shown  that  asymmetrical  arrangements  of  the  primary  and  secondary 
streams  can  materially  affect  the  jet  noise  by  modifying  the  interaction 
effect.  A  model  should  be  constructed  to  study  the  effect  of  displacing 
the  center  of  the  circular  fan  discharge  nozzle  with  respect  to  .the  pri¬ 
mary  so  that  most  of  the  by-pass  stream  discharges  on  the  top  or 
alternatively,  on  the  bottom  of  the  primary  jet. 

Looking  1;  yond  the  program  currently  planned  for  Phase  II-A,  it  is 
expected  that  further  explanation  along  the  lines  dicussed  below  will 
he  necessary  to  evolve  optimized  noise  suppression  techniques. 

A  more  complete  documentation  of  the  effect  of  simple  ejectors  in 
combination  with  by-pass  nozzles  is  needed.  Other  past  studies  cl 
the  use  of  ejectors  on  single  stream  nozzles  have  indicated  the 
importance  of  three  basic  geometric  parametrics:  ejector  diameter, 
length,  and  spacing,  in  terms  of  jet  nozzle  diameter.  Additionally, 
the  ejector  surface  contour  and  the  ict  pressure  ratio  and  temperature 
are  important.  For  by-pass  nozzles,  two  additional  independent 
variables  enter  the  picture:  by-pass  stream  pressure  ratio  and 
temperature.  A  program  to  systematically  explore  the  effect  of  these 
variables  is  needed  to  determine  optimum  ejector  operation  from  the 
standpoint  of  noise.  Results  of  this  program  must  clearly  be 
coordinated  with  thermodynamic  performance  requirements  to  insure 
practical  applicability  to  efficient  full-scale  engines.  Variations  of 
exhaust  system  geometry  which  incorporate  devices  to  alter  the  mixing 
processes  should  continue  to  be  explored  in  model  form.  From  the 
point  of  practical  application,  such  a  device  must  have  retractable 
features  to  avoid  performance  penalties  in  all  flight  regimes  where 
noise  suppression  is  irrelevant.  The  use  of  models  permits  testing 
of  a  variety  of  ideas  to  define  arrangements  that  provide  effective 
suppression.  After  basic  promising  configurations  have  been  selected, 
a  model  program  is  needed  to  explore  ihe  possible  reductions  in 
suppression  that  result  from  compromising  the  geometry  to  conform 
with  full-scale  practical  limitations. 


A  limited  amount  of  large-scale  testing  it  recommended  to  assure  the 
carry-over  of  effects  determined  from  small  models.  It  is  conceivable 
that  some  of  the  full  -scale  construction  details  cannot  be  adequately 
simulated  in  small  size  models.  A  few  of  the  interesting  configurations 
evolved  from  model  studies  should  be  fabricated  far  evaluation  on 
experimental  turbofan  engines  currently  available. 

Questions  remain  on  the  limits  of  applicability  of  noise  data  obtained 
from  static  tests  to  predict  results  when  tin*  airplane  moves  through 
the  air  during  climb-out.  To  clarity  this  subject  it  is  advisable  to 
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conduct  a  limited  number  of  scale  model  tests  in  which  the  test  nozzle 
is  placed  in  a  stream  of  moving  ambient  air.  Facilities  exist  in  the 
anechoic  chamber  for  simulating  the  flight  condition  by  surrounding 
the  model  nozzle  with  a  stream  of  ambient  air  supplied  by  a  large  noz¬ 
zle  surrounding  the  rig  and  discharging  upstream  of  the  model  nozzle. 
Experiments  to  evaluate  this  method  of  flight  simulation  should  be 
conducted  and  tests  run  on  the  effect  of  moving  air  on  model  straight 
jets,  by-pass  jets,  and  jets  with  ejector-suppressor  devices. 


F.  ANALYSIS  OF  TOTAL  SST  AIRPLANE  NOISE 


The  noise  at  the  three  locations  woe  re  limits  have  been  established 
(1500  feet  to- the  side  of  the  runway  during  take-off  g  our.d  roll,  under, 
the  take-off  flight  path  three  miles  from  start  of  take-off  roll,  and 
under  the  approach  flight  path  one  mile  from  touch-down)  are  a  func¬ 
tion  of  three  main  variables.  These  variables  are:  1)  engine  noise  as 
a  function  of  thrust  lor  the  thrust  level  at  the  FAA  specified  conditions, 
2)  airplane  climb  capability  which  is  in  turn  dependent  on  engine  thrust 
during  ground  roll  and  initial  climb  and  on  airplane  aerodynamic 
characteristics,  3)  airplane  thrust  requirements  during  approach. 
Obviously  the  engine  and  airplane  characteristics  are  intimately 
interrelated. 

To  obtain  low  noise  levels  from  the  i  ngine,  the  fan  engine  cycle  should 
be  used  and  the  .by-pass  ratio  should  be  as  large  as  is  compatible  with 
the  requirements  of  other  aspects  of  the  airplane  flight  mission.  Be¬ 
yond  this,  the  engine  must  be  designed  and  developed  to  minimize  the 
exhaust  and  inlet  noise  radiated  from  the  engine  to  the  ground. 

Recognizing  that  low  noise  is  not  the  only  important  requirement  of 
the  airplane,  it  must  also  he  recog'uzed  that  the  compromise  take-oft 
and  approach  flight  paths  and  thrust  requirements  will  be  important 
factors  in  determining  the  noise  levels  or,  the  ground  under  the  FAA 
specified  conditions.  The  operation  ot  SST  airplanes  from  existing 
airports  can  be  acceptably  quiet  only  if  the  following  four  criteria 
are  met: 

1)  Low  noise  engine  cycle. 

2)  Engine  noise  minimized  by  use  of  att  mnating  features. 


PAGE  NO. 


9-38 


OC*Nf*^C  *1  >  x 

Mftty %’••#?►  •»*»»  i  * 
060  (M  >  Ys«K> 


*•  * 


CONFIDENTIAL 


■*’  -  ■*  T  1  "  ' 


tMWSmm.,,  -. 

S^MirfvV'#*®*^*  j=«t  -1  " 

I'Sv’^V''  - -'JWATJt  4t  WMtTNa  V  bWCKAtr 


•'(%?/'■'.  '~f‘  WVVW't."  •  '— .- 


eOMFlDKNTIAL. 


PWA-2397 


'  o 


3)  High  thrust  available  for  ground  roll  and  initial  climb, 

4)  Flight  operation  to  produce  minimum  noise  on  the  ground. 


A  violation  of  any  one  of  these  criteria  will  result  in  excess  noise  from 
the  airplane. 

1.  ENGINE  SIZE 

High  engine  thrust  for  take-off  and  initial  climb  is  necessary  to 
assure  low  noise,  levels  over  the  community.  Figure  9-72  shows  the 
change  in  community  noise  with  engine  size  if  airplane  size  is  held 
constant.  The  increase  in  community  noise  that  accompanies  a  de¬ 
crease  in  engine  size  results  from:  1)  :  lower  altitude  over  the  com¬ 
munity,  and  2)  a  higher  exit  gas  velocity  needeu  .->  maintain  sufficient 
thrust  for  a  safe  minimum  climb  speed.  Because  u .  >  temperature  is 
a  limiting  feature  in  the  design  of  both  turbines  and  duct  heaters,  a 
practical  limn,  exists  on  the  thru  it  obtained  per  pound  of  airflow. 
Because  of  this  limit,  the  maximum  thrust  an  engine  can  produce  is 
closely  related  to  its  basic  airflow  size.  Therefore,  a  given  weight 
airplane  with  a  larger  sized,  <>r  higher  thrust,  engine  will  climb 
faster  and  be  at  a  higher  altitude  before  it  overheads  the  community. 
After  power  .-■it-back,  a  large  airflow  engine  ".ill  iiave  a  lower  thrust 
per  pound  of  airflow,  and  therefore  a  lower  jet  velocity,  than  a  smaller 
engine  when  both  are  providing  equal  thrust.  As  noise  decreases  much 
faster  with  reduced  velocity  than  it  increases  with  engine  size,  the 
airplane  with  large  sized  engines  will  be  generating  lower  noise  levels 
than  the  same  airplane  would  be  if  fitted  with  smaller  engines.  The 
relationships  between  airplane  flight  characteristics,  climb  rate, 
noise,  and  engine  size  must  he  considered  in  the  selection  of  ar,  engine 
for  use  on  a  specific  asrplane. 

2.  ENGINE  NOISE  LEVELS 

Noise  must  also  be  a  basic  consideration  in  the  design  of  the  SST 
engine.  The  engine  operating  cycle'  has  an  effect  on  noise,  the  turbo- 
fan  eye U  generally  showing  lower  levels.  Compressor  design  details, 
inlet  and  duct  geometry,  and  the  exhaust  nozzle  characteristics  art 
other  design  features  which  can  affect  ihc  noise  levels  from  an  engine. 
The  use  of  noise  suppression  devices  not  inherent  in  the  ciesign  of  the 
engine  should  be  avoided  if  at  all  possible.  In  most  cases,  some 
weight  and  performance  penalties  are  associated  with  suppressor 
devices,  which  ^  >n  adversely  affect  the  operating  costs  of  the  SST. 

The  development  cycle  of  the  SST  engine  will  be  first  Directed  toward 
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obtaining  as  efficient  an  engine  as  possible,  and  then  optimizing  the 
design  for  noise  without  compromising  performance.  At  this  point, 
the  engine  noise  characteristics  can  be  documented  to  determine  if 
the  need  for  further  noise  suppression  exists.  If  added  suppression 
is  needed,  development  of  acoustically  treated  inlets  or  fan  ducts  or 
possible  further  development  -jf  the  acoustical  properties  of  the  exhaust 
nozzle  can  be  pursued. 


3.  NOISE  SUPPRESSION 

A  great  deal  of  care  must  be  used  in  determining  whether  the  incor¬ 
poration  of  suppressor  devices  in  the  SST  engine  are  of  real  benefit. 
Most  suppressor  devices  have  performance  losses  and  weight  penal¬ 
ties  associated  with  them  which  can  seriously  affect  the  overall  per¬ 
formance  of  the  airplane.  Besides  introducing  serious  economic 
penalties  in  the  operation  of  the  SST,  it  is  also  possible  that  thc_ 
suppressor  devices  do  considerably  less  good  in  flight  than  ground 
sound  tests  may  suggest,  unless  ail  ground  to  flight  variables  are 
taken  into  account. 

a.  Exhaust  Suppressors 


Unfortunately,  the  noise  reductions  measured  during  ground  tests  of 
suppressor  nozzles  may  not  be  completely  realized  in  flight  because 
of  reduced  airplane  performance  resulting  from: 

*  Aerodynamic  losses  -  Less  of  available  take-off  thrust  and 
cruise  thrust  generally  result  from  the  use  of  suppressor 
devices.  In  flight,  these  devices  have  also  been  shown  to  have 
a  greater  drag  than  a  simple  nozzle. 

*  Weight  -  To  accomplish  a  specific  mission,  a  suppressor 
equipped  airplane  will  generally  have  higher  take-off  gross  weight 
than  one  without  suppressors.  This  weight  increase  results 
from  the  added  weight  of  the  suppressors,  the  heavier  airplane 
structure  needed  to  carry  the  suppressors,  and  the  increased  fuel 
load  needed  because  of  the  added  weigut,  reduced  thrust  ar.d 
increased  drag. 

For  a  specific  fixed  range  and  payload  mission,  the  result  of  this 
weight  and  drag  increase  and  thrust  loss  is  to  reduce  the  airplane 
rate  of  climb  uuring  take-off.  Since  the  airplane  has  less  altitude 
over  the  populated  areas  around  the  airport,  the  attenuation  of  noise 
due  to  distance*  is  less  than  for  an  airplane  at  a  higher  altitude  equipped 
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with  standard  nozzles.  This  offsets  thenoise  reduction  pbtained  fTom 
the -suppressors,  and  illustrates  why  ground.;sound:-test  data  may  he 
misleading  if  not  properly  interpreted. 

The  weight  and  drag  increase  and  thrust  loss  associated  with  exhaust 
noise  suppressors.also  result  in  increased  airplane  operating  costs. 

In  the  case  of  the  supersonic  transport,  virtually  no  factors  which 
could  increase  the  aircraft  operating  costs  can  be  tolerated. 

The  most  satisfactory  suppressor  for  use  on  the  SST  would  probably 
be  one  that  is. retractable  or  disposable.  With  this  type  of  device  the 
significant  loss  in  performance  and  efficiency  would  occur  during  only 
the  initial,  low-altitude  climb  phase  of  take-  off.  As  well  as  providing 
a  noise  reduction,  a  satisfactory  design  would  also  incorporate  low 
performance  losses,  light  weight,  and  fail  safe  operation. 


b.  Discrete  Noise  Attenuation 

The  sarhe  considerations  apply  to  the  use  of  special  acoustical  con¬ 
struction  in  the  inlet  and  fan  ducts  of  the  SST  as  were  applied  to  the 
exhaust  suppressors.  Devices  which  result  in  an  excessive  weight 
increase  or  performance  losses  will  not  be  acceptable  in  the  SST 
engine. 

c.  Operator  Technique 

There  is  little  doubt  that  excessive  community  noise  levels  would 
result  f^om  a  full  power  take-off  of  the  SST  without  a  power  cut-back 
near  the  three  mile  point.  If  large  size  engines  are  used  on  the  SST, 
it  will  be  possible  to  reduce  thrust  to  a  value  which  will  allow  an 
acceptable  climb  rate  with  tolerable  noise  levels. 

For  a  given  SST  airplane,  there  is  a  trade-off  between  airport  side¬ 
line  noise  and  community  noise  which  is  accomplished  by  operator 
technique.  Figure  9-73  shows  the  trade-off  for  a  typical  SST  airplane. 
Higher  airport  sideline  noise  levels  are  the  penalty  paid  for  low  com¬ 
munity  noise  levels.  The  use  of  higher  power  during  take-off  is 
necessary  to  obtain  a  high  altitude  at  the  three  mile  point  at  which 
power  is  cut  back.  It  is  quite  possible  that  the  operation  of  the  SST 
may  be  tailored  to  the  requirements  ot  each  airport  from  which  it  is 
operated,  taking  into  account  the  noise  requirements  of  specific 
airports. 
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^^^^^^.<^B.^tiftlft§'4vh|0ife  levels  for  the  STF2 19  engine  versus  engine  thrust  are 
'  ^sho^njtinv'Figures'  9,-74  and  9-7.5  No  reduction  in  noise  from  either 
a-blowr in -doo r  ejector  or  compressor  noise  attenuating  devices  was 
’■  .assumed.  Figure  9-74  shows  estimated  sideline  noise  at  1500  feet 
^yrr:^&m-fte  engine  -centerline  versus  static  thrust.  In-flight  .ioise  level 
ijfe’' estimates  are  shown  on  Figure  9-75.  At  comparable  engine  percent 
power  settings,  a  640  Ibs/sec  max.  airflow  engine  will  be  about  or.e 
r^r  -T  ,  "  PNdb  less  noisy  than  a  700  lbs/sec  engine.  Levels  were  shown  for 

300  feet  altitude  as  it  is  representative  of  the  approach  point,  and 
the  levels  at  altitudes  of  from  1500  to  3000  feel  generally  bracket  those 
‘  -  V  expected  at  three  miles  from  the  start  of  take-off  roll. 

a-  Figures  9-76  and  9-77  are  similar  to  those  described  above,  except 

v,-:  .  -  that  noise  attenuation  was  assumed  for  the  blow-in-door  ejector,  the 

- supersonic  inlet,  and  reduced  noise  out  the  fan  ducts.  Tha  noise  at- 
■/,  v  tenuation  assumed  from  the  blow-in-door  ejector  varies  with  velocity 

as  shown  on  Figure  9-73  A  te.u  db  reduction  in  both  inlet  and  fan  dis- 
:\r,  v  charge  discrete  frequency  compressor  noise  was  also  assumed  as 

being  obtainable  using  present  state  of  the  art  methods.  Inlet  noise 
attenuation  can  be  achieved  by  the  combination  of  compressor  design 
•  •  optimization  for  low  noise,  and  also  by  development  cf  a  supersonic 

^  inlet  with  sound  absorbing  features.  Complete  attenuation  of  inlet 

<Jy  noise  is  possible  if  a  choked  inlet  duct  is  used  during  approach. 

Results  of  tests  on  inlet  ducts  are  contained  in  Part  C  of  Item  9. 


Attenuation  of  compressor  noise  radiated  out  the  fan  discharge  ducts 
can  be  attained  by  proper  design.  Some  attenuation  can  be  obtained 
by  optimization  of  the  compressor  geometry  for  minimum  noise,  and 
it  has  been  demonstrated  that  the  desired  amount  of  attenuation  car 
be  obtained  by  installation  of  acoustically  treated  fJow  splitters  in  the 
fan  duct  diffuser  section  between  the  compressor  discharge  and  the 
duct  heaters.  Results  of  Phase  II-A  tests  of  a  treated  diffuser  section 
have  shown  attenuations  of  about  10  to  15  db  at  2000  cps  and  more  at 
higher  frequencies.  These  results  are  presented  in  Part  D  of  Item  9. 


Noise  estimates  shown  on  the  curves  were  calculated  using  the  pro¬ 
cedures  outlined  by  the  SAE  A-2  1  Committee.  These  procedures  are 
in  general  agreement  with  noise  estimating  procedures  previously 
used  by  Pratt  &  Whitney  Aircraft  and  are  expected  to  give  fairly 
reliable  results.  Figure  9-7  9  compares  the  noise  levels  estimated 
for  an  unsuppressed  STF2I9  engine  using  the  A-21  Committee  method 
wTih  those  estimated  using  the  Pratt  &  Whitney  Aircraft  method. 
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engines.  These  procedures  are  described  in  Appendix  A. 


AIRPLANE  FLY- OVER  NOISE  LEVELS 


In  order  to  calculate  the  noise  beneath  the  flight  path  of  an  airplane 
i.  is  necessary  to  have  complete  information  on  the  airplane  flight  ' 
paths  and  thrust  requirements.  These  data  were  not  generally  avail¬ 
able  during  Phase  II- A  because  of  the  continual  improvements^ 
medications  being  made  in  the  airplane  designs.  For  this  reason.' 

a  <  n  u  noise  evels  for  specific  airplane  designs  fitted  with  STF219 
engines  wil  not  be  reported  by  Pratt  &  Whitney  Aircraft.  These  data 

'V  PIO;>a:>  Yr  K‘  rcportod  bY  each  airframe  contractor  using  the  latest 
ai.  plane  configuration  and  performance.  • 
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'5..  AIRPLANE  FLY-OVER  NOISE  LEVELS 

In  order  to  calculate  the  noise  beneath  the  flight,  path  of  an  airplane, 
it  is  necessary  to  have  complete  information  on  the  airplane  flight 
paths  and  thrust  requirements.  These  data  were  not  generally  avail¬ 
able  during  Phase  II-A  because  of  the  continual  improvements  and 
modifications  being  made  in  the  airplane  designs.  For  this  reason, 
data  on  the  noise  levels  for  specific  airplane  designs  fitted  with  STF2I9 
engines  will  not  be  reported  by  Pratt  &  Whitney  Aircraft.  These  data 
will  probably  be  reported  by  each  airframe  contractor  using  the  latest 
airplane  configuration  and  porfoi*mancc.  • 
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ESTIMATION  OF  COMPRESSOR  NOISE 


The  need  to  estimate  compressor  noise  levels  of  advanced  engines  led 
to  the  establishment  of  an  estimating  ;  ?dure  based  on  both  theory 
and  empirical  data  from  current  engv  The  estimating  procedure 
relates  compressor  noise  levels  to  th  .ochanical  tip  velocity  of  the' 
first  rotor  and  the  inlet  diameter.  It  is  recognized  that  the  engine 
design  and  additional  performance  parameters  such  as  blade  loading 
and  blade  and  vane  aerodynamics  influence  the  compressor  noise 
levels.  At  the  present  time,  these  effects  are  not  completely  predic¬ 
table.  Due  to  these  unpredictable  factors,  it  is  much  more  difficult 
to  accurately  estimate  compressor  noise  levels  than  it  is  to  estimate 
exhaust  noise  levels  from  a  circular  nozzle. 

Inlet  and  fan  discharge  compressor  noise  levels  from  current  engines 
of  various  sizes  and  types,  normalized  to  a  constant  inlet  diameter, 
are  shown  on  Figure  9-A-l  as  a  function  of  mechanical  tip  velocity. 

The  spread  in  the  noise  levels  from  the  various  engines  shown  on  the 
curve  indicates  that  factors  other  than  mechanical  tip  speed  and  inlet 
diameter  are  contributing  to  the  compressor  noise  levels. 

The  estimating  procedure  is  thus  designed  to  best  fit  the  measured 
data  from  currert  eng:\es  equipped  with  subsonic  inlets  and  inlet  guide 
vanes.  The  compressor  noise  estimation  procedure  is  outlined  as 
follows: 


l)  Calculate  the  fundamental  blade  passing  frequency,  ■ . 


B  =  number  of  first  rotor  blades 
N  ~  mechanical  rotor  speed,  rpm 

This  establishes  whice  octave  band  contains  the  fundamental  blade 
passing  frequency. 


2)  Calculate  the  mechanical  tip  velocity,  Vy. 


Vy  = 


D  ir  N 
72  0 


D  =  inlet  diameter,  inches 
N  -  mechanical  rotor  speed,  rpm 
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Enter  Figure  9 -A-.L.at  Vx  and  read  from  the  curve  the  rfiaximum 
compressor  noise  levels  from  the  inlet  and  fan  discharge  normal¬ 
ized  toVa<  5:1 -inch  inlet  diameter. 

(OBSPL  +  2 0  log  5 1  / D)  in]et,  (OBSPL  +  20  log  51/D)fan 


4)  Calculate  they inlet  diameter  correction,  C. 

\ 

iC  a  20  log  D/51 


D  =  inlet  diameter,  inches 

5)  Add  the  inlet  diameter  correction  to  find  the  maximum  inlet  and 
fan  discharge  compressor  noise  levels  for  the  octave  band  con¬ 
taining  the  fundamental  blade  passing  frequency  (OBSPL  inlet, 
OBSPL  fan). 


OBSPL  inlet  =  (OBSPL  +  20  leg  -g-)  Jn,et  +  C 

.OBSPL  fan  =  (OBSPL  +  20  log  JLL  )  fan  +  C 

D 

6)  Calculate  maximum  compressor  noise  levels  for  the  octaves 
above  and  below  the  octave  containing  the  fundamental  blade 
passage  noise. 

Octave  •above  =  OBSPl  -  2  db 
Octave  below  =  OBSPl  -  7  db 

The  above  octave  band  noise  levels  are  the  estimated  maximum  com¬ 
pressor  noise  levels  along  a  parallel  line  200  feet  from  the  engine. 


'  <  4  i 
.  i-  p 


These  levels  are  then  added  to  the  exhaust  noise  levels  estimated  accord¬ 
ing  to  the  SAE  A-2  1  Committee  procedures. 
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'  -  APPENDIX  B 

YF-  I2A  FLY  -  OVER  NOISE  ME  AS  UR  EMENTS 


Fly -over  noise  levels  during  take-  >ff  and  landing  operations  were  re¬ 
corded  during  the  YF-J2A  airplane  flight  test  program.  Noise  levels 
from  this  aircraft  were  of  interest  to  the  SST  project  because  the  YF- 
12A  was,  designed  to  operate  in  the  same  range  of  flight  Mach  numbers 
as  the  SST,  and  details  of  the  engine  installation  resembled  that  planned 
for  the  SST,  Some  observers  reported  that  the  YF-12A  airplane, 
powered  by  two  large  J58  afterburning  engines  was  less  noisy  than  the 
JEr  1 04  chase  airplane  which  had  only  one  afterburning  J79  engine.  The 
YF-i2A  airplane  engine  installation  differed  from  that  of  the  F-104  in 
that  blow-in-door  ejector  (BIDE)  exhaust  nozzles  were  used  on  the  high 
Mach  number  airplane. 


i-  METHOD  OF  TEST 


Sound  measurements  were  taken  at  Edwards  Air  Force  Base  by 
Pratt  &  Whitney  Aircraft  acoustics  engineers.  The  signals  from  four 
microphones  positioned  beneath  the  flight  path  were  recorded  on 
magnetic  tape  during  take-off  and  landings.  Acoustic  data  recording 
and  analysis  was  done  in  accordance  with  standard  Pratt  &  Whitney 
Aircraft  procedures  which  provide  accuracies  of  about  ±2  db.  Air¬ 
craft  altitudes  were  scaled  from  photographs  taken  of  the  aircraft 
at  the  overhead  position.  Engine  performance  parameters  which 
are  related  to  noise  were  obtained  for  each  flight  from  recorders  in¬ 
stalled  in  the  airplane. 


Of  the  several  flights  recorded,  twelve  were  suitable  for  detailed  acous¬ 
tic  .analysis .  Eight  of  these  flights  were  afterburning  take-offs,  three 
were  nonafterburning  take-offs,  and  four  were  landing  approaches.  The 
flights  selected  for  analysis  were  recorded  during  low  wind  conditions 
and  were  free  from  interference  by  noise  from  other  airplanes.  Some 
flight  altitudes  were  as  low  as  250  feet  where  the  effects  of  temperature 
and  humidity  on  sound  propagation  are  of  little  significance. 

2.  EXHAUST  NOISE 

Exhaust  noise  levels  from  the  flight  tests,  normalized  for  jet  density 
and  nozzle  area,  are  plotted  Figure  The  solid  line  shown  on  this 

figure  is  identical  with  that  used  in  the  SAEA-21  Committee  noise  cal¬ 
culating  procedure.  Also  shown  are  data  from  static  mnd  tests  of  a 
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J58  engine  with  a  circular  nozzle.  As  shown  on  the  curve,  the  measured" 
YF12-A  flight  noise  levels  wcie  lower  than  would  be  expected  from  either 
the  ground  tests  or  from  the  use  of  the  A-21  Committee  calculating  pro¬ 
cedure.  The  reduction  in  noise  was  attributed  to  some  effect  of  the 
BIDE. 

1.  INLET  NOISE 


C 


Noise  from  the  YF-12A  airplane  during  approach  was  characterized  by 
an  almost  complete  lack  of  compressor  whine.  This  characteristic  was 
observed  on  both  the  J58  engine  powered  YF-12A  and  a  prototype  air¬ 
plane  powered  by  a  J7S  engine  which  has  a  compressor  identical  with 
that  used  in  the  Pratt  &  Whitney  Aircraft  JT4  commercial  transport  jet 
engine.  Narrow  frequency  band  analysis  techniques  were  used  to  isolate 
and  measure  the  fundamental  blade  passing  fequency  trom  approach  fly¬ 
over  tape  recordings  of  the  J75  powered  YF-12A  airplane,  and  the  levels 
were  compared  with  similar  results  from  fly -overs  of  J-T4  powered  707 
airplanes-  Results  of  the  analysis  is  shown  on  Figure  9-B-2.  A  similar 
comparison  for  the  J58  compressor  noise  was  not  possible  as^noise  from 
this  engine  was  not  recorded  during  fly -overs  of  any  aircraft  oilier  than 
the  >-l2A.  Ground  sound  tests  hav-'  shown  bcllmouth-inlet -equipped 
J58  engines  to  have  compressor  noise  levels  comparable  to  those  of  the 
J75  engine. 

The  significant  lack  of  inlet  noise  from  the  YF-12A  airplane  was  attri¬ 
buted  to  the  presence  of  the  supersonic  inlet.  Details  of  the  design  of 
the  inlet  were  not  available  so  an  analysis  couid  not  be  made  to  deter¬ 
mine  specific  features  which  may  have  affected  its  acoustical  charac¬ 
teristics.  It  is,  however,  a  fairly  safe  assumption  that  noise  control 
features  were  not  a  consideration  in  the  inlet  design.  It  is  known  that 
the  inlet  was  not  in  a  choked  condition  during  approach. 

Results  of  the  YF-12A  fly-over  noise  tests  are  of  particular  signifi¬ 
cance  to  the  SST  engines  being  designed  by  Pratt  &  Whitney  Aircraft. 
Incorporated  in  the  design  of  the  SST  engine  is  a  BIDE  nozzle.  In 
addition  to  the  beneficial  effects  of  this  nozzle  on  performance, the  tests 
show  that  its  use  results  in  some  reduction  in  jet  noise  which  will  im¬ 
prove  the  SST  take-off  noise  characteristics.  Approach  noise  levels 
would  be  drafctically  reduced  if  the  SST  inlet  has  acoustic  characteris¬ 
tics  similar  to  those  of  the  supersonic  YF-12A  inlet. 
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1TEN1  iO  -  CONTROLS  AND  ACCESSORIES 
OBJECTIVE 

llio  program  is  being  conducti  u  u>  determine  the 
systen-:  requirements  r.f  the  controls  and  accessories 
and  t.e  establish  the  design  requirements  with. the  sub¬ 
contractor  s. 

A.  CONTROLS  ' 

1  v  introduction 


1  he  tuel  system  for 
emplotir*  the  -■-mu' 
-12  eng  in. 


the  STF2  19  engine  is  a  bvdromechanical  system 
fundament.,  1  prim  ipb-s  as  used  for  the  JT)  IF-1  1, 


Tin 


control  system  has  four  ba-ic  tumtions: 


It  controls  the  engine  speed 
generator  power. 


between  idle  and  maximum  gas 


2.  It  schedules  the  main  engine  fu<  1  flow  within  the  desired  limit: 
during  transient  operation. 


3.  It  sequences  the  scheduled  dm  t  burner  flow,  supplied  from  an 
air  driven  turbopump,  ov  -■  r  the  operating  envelope  between 
augmentation  cut-off  and  maxim  im  augmentation  to  two 
individual  fuel  manifolds. 

4.  It  positions  the  exhaust  no.  zle  area  to  maintain  the  desired 
engine  operating  condition. 


The  i  equirements  will  be  established  such  that  the  thrust  varies 
essentially  linearly  with  the  power  lever  position  and  that  the  air  flows 
are  con- pa  tilde  with  the  air  indu«  ti  <<n  system  over  the  range  of  the 
flight  em  elope,  further,,  the  tuel  system  mast  provide  rapid  thrust 
modulation  of  the  engine  while  ensuring  safe,  r  -liable  regulation  dur¬ 
ing  transient  npersiian/ 
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2.  DESCRIPTION  OF  COMPONENTS 


Packaging  and  Operation  -  A  schematic  diagram  oi  the  fuel  system  for 
the  super  sonic-  transport  is  shown  in  Figure  10- I.  The  system  is 
basically  the  same  as  was  proposed  for  the  Phase  1  program.  The  gas 
generator  fuel  control,  the  duct  heater  fuel  control,  and  the  duct  ex¬ 
haust  nozzle  area  control  are  all  packaged  in  a  single  unit  consisting 
of  a  computer  section,  a  gas  generator  fuel  metering  system,  and  a 
duct  heater  fuel  metering  and  nozzle  control  system. 


Packaging  the  three  systems  together  results  in  a  system  .vhich  is 
smaller  and  lighter  than  that  using  separate  packages.  The  weight 
savings  is  realized  by  the  full  utilization  of  the  servos  and  cams  com¬ 
mon  to  each  control  unit  and  by  the  elimination  of  the  fuel  line  con¬ 
nection  between  separate  units.  Further,  the  single  unit  may  be  re¬ 
moved  for  servicing  the  fuel  metering  subassemblies  without  disturb¬ 
ing  the  settings  of  the  control  system. 


T'he  major  changes  to  the  system  were  the  removal  of  the  trimming 
power  lever,  the  relocation  of  the  fuel-oil  coolers  to  a  position  down¬ 
stream  of  the  main  fuel  pump,  the  addition  of  an  air  induction  system 
signal  input  for  airflow  control,  and  an  aircraft  signal  for  control  of 
the  landing  approach  velocity. 


With  the  present  control,  the  thrust  level  of  the  STF2I9  engine  is  con¬ 
trolled  by  a  single  power  lever.  The  power  lever  sets  the  absolute 
powc:  available  from  the  gas  generator  and  the  duct  burner  in  the  rang 
from  full  reverse  to  full  forward.  The  relationship  between  the  power 
lever  and  the  relative  thrust  levels  of  the  gas  generator  and  the  duct 
heater  is  shown  in  Figure  10-2.  The  relationship  is  such  that  the 
thrust  changes,  essentially  linearly  with  changes  in  power  lever  posi¬ 
tion.  For  non- augmented  operation,  thrust  is  controlled  directly  by 
the  power  lever  in  the  conventional  manner.  For  take-off,  the  power 
lever  is  advanced  to  the  maximum  non- duct  heating  position.  If  duct 
heating  is  desired,  the  power  lever  is  advanced  into  the  duct  heating 
regime.  As  the  duct  heater  lights,  the  gas  generator  thrust  level  is 
'  cut  back  as  the  control  resets  the  turbine  inlet  temperature  to  its 
cruising  value.  The  desired  thrust  is  attained  by  duct  heater  modula¬ 
tion.  Maximum  engine  power  may  be  obtained  by  moving  the  power 
lever  to  the  full  forward  position.  At  this  setting,  the  turbine  inlet 
a-  temperature  is  set  to  its  maximum  value,  and  the  duct  heater  provides 
maximum  poWer.  ,  When  cruise  flight  conditions  are  reached,  the; 
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power  lever  is  repositioned  in  tne  dm  t  heater  modulation  range.  In 
this  range,  the  turbine  inlet  temperature  is  set  at  its  cruising  value, 
and  the  desired  thrust  is  obtained  by  duct  heater  modulation.  For 
descent,  holding,  approach,  landing,  and  reverse,  the  required  power 
can  be  obtained  by  adjusting  the  power  lever  position  in  a  conventional 


manner. 


With  the  removal  of  the  trimming  function  from  the  control,  it  is  still., 
necessary  to  provide  for  operation  of  the  fuel  shut-off  valve  ar.d  actua¬ 
tion  of  the  inflight  windmilling  brake.  This  is  accomplished  by  the  use 
of  the  fuel  shut-off  lever  simil;  r  to  that  used  in  present-day  commercial 
engine  controls. 


Gas  Generator  F  uol  System  •  rhe  gas  generator  fuel  control  system  for 
the  supersonic  transport  eni  ’  <c  consists  of  an  engine  driven  fuel  pump, 
an  optional  fuel  de-icing  sy.->  ,  a  fuel-oil  heat  exchanger,  a  gas  gen¬ 

erator  fuel  control,  a  manil<  ’  check  and  dump  valve,  fuel  nozzles,  and 
the  associated  lines  and  mat  ds.  It  is  basically  the  same  as  the  system 
for  the  JT11F  engine,  sine <  t!  control  requirements  for  the  STF2  19 
and  JT11F  engines  are -sirs,  r. 


Fuel  enters  the  inlet  port  i  ‘he  fuel  pump  where  it  is  driven  by  a 
centrifugal  boost  stage  pur  ;,«ng  element.  The  fuel  is  discharged  into 
the  fuel  dc-icing  heat  exchauc-  r,  if  included,  through  a  fuel  filter, 
and  is  then  fed  back  into  a  spur  gear  pumping  stage.  This  stage 
delivers  fully  pressurized  fuel  through  a  fuel-oil  cooler  to  Inc  main 
fuel  metering  valve. 

On  the  earlier  version  of  the  system,  the  main  engine  fuel  oil  cooler 
was  located  between  the  centrifugal  boost  pump  and  the  gear-type  pump. 
With  this  arrangement,  however,  failure  of  the  centrifugal  pump  would 
cause  the  fuel  to  be  bypassed  directly  to  the  gear-type  pump  around 
the  fuel-oil  coder.  By  positioning  the  fuei-oil  cooler  downstream  of 
the  gear-type  pump,  fuel  is  supplied  to  the  fuel-oil  cooler  independent 
of  the  operation  of  the  centrifugal  boost,  pump. 

The  high-setting  fuel  temperature  cohtr.ol  bypass  valve  has  also  been 
modified.  This  valve  limits  the  fuel  system  temperature  by  returning 
fuel  to  the  aircraft  fuel  tanks  or  another  supplementary  cooling  source 
when  required.  Originally,  the  valve  was  thermostatically  operated. 

To  increase  the  reliability  of  the  system,  however,  provision  has  now' 
been  made  for  the  addition  of  a  manually  operated  backup  valve  which 
would  be  actuated  whenever  the  power  lever  was  placTrd-dn- the  idle 
position. 
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'I In*  original  system  also  included  a  low-sotting  fuel  temperature- 
controlled  bypass  valve  ana  on-ofl  calve.  This  zalve  .transferred  the 
fuel  flow  which  was  bypassed  by  the  mam  fuel  control  to  the  inlet  of  the 
high- pressure  stage  oi  the  duet  iuel  pump  when  the  iuel  temperature 
exceeded  a  preset  value.  Tran -ferring  the  higher  temperature  bypass 
fail  flow  to  the  duct  burner  during  augmented  operation  resulted  in  the 
luel-oil  cooler  receiving  cooler  iuel  from  the  main  fuel  pump.  For 
the  modified  system,  the  transler  line  has  been  eliminated  and  a 
second  fuel  oil  cooler  has  been  added  between  the  duct  iuel  pump  and 
the  duct  fuel  nvtering  valve.  The  modifi>  alien  reduces  the  bulk  oil 
temperature  and  produces  a  simpler,  m  ire  reliable  system. 

Duct  He. iter  Exhaust  Nozzle  and  Fuel  Control  System  -  The  duct  heater 
fuel  and  exhaust  nozzle  control  system  consists  of  a  bleed  air  turbine 
driven  duct  heater  Iuel  pump,  a  hydraulic  pump,  a  duct  exhaust  nozzle 
control,  a  duct  heater  fuel  control,  a  find  oil  cooler,  manifold  dump 
valves,  and  appropriate  fuel  injection  devices.  The  system  is  designed 
to  provide  the  correct  amount  of  proper) v  atomized  fuel  to  the  duet  healer 
in  order  to  establish  and  maintain  the  augmentation  thrust  level  selected 
by  the*  pilot,  and  to  position  the  exhaust  nozzle  to  establish  and  maintain 
the  proper  engine  airflow. 

Fuel  is  supplied  to  the  duct  heater  nozzle  system  by  a  hydraulic  pump  which 
in  turn  is  supplied  with  fuel  from  the  boost  stage  or  the  impeller  bypass 
line  of  the  gas  generator  fuel  pump.  Pressurized  fuel  from  the  hydraulic 
pump  is  supplied  to  the  hydraulic  system  controls  where  it  is  used  as 
a  power  source  to  adjust  the  exhaust  nozzle  and  nozzle  rovorser.  Dur¬ 
ing  duct  heating,  fuel  is  supplied  to  the  duct  fuel  pump  where  it  is  pumped 
bv  centrifugal  pumping  stages  to  the  desired  pressure  and  delivered  to 
the  duct  fuel  control.  The  duct  fuel  pump  is  driven  by  an  auxiliary 
turbine  which  receives  its  power  from  a  controlled  amount  of  bleed 
air  flow  taken  from  the  discharge- of  the  engine  high-pressure  com¬ 
pressor.  The  duct  heater  fuel  control  schedule-,  the  augmentation  fuel 
flow  and  supplies  it  through  manuold  dump  valves  to  two  individual 
fuel  injection  systems  <it  a  rate*  which  is  a  fui  ction  of  engine  burner 
pros-ure,  inlet  pressure  and  temperature,  and  power  lever  position. 

Fuel  flow  variations  with  change*1  in  the  power  lever  position  are  rate 
limited. 
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The  duel  exhaust  nozzle  area  is  positioned  to  maintain  a  desired* engine* 
inlet  airflow  during  br'.h  non-duct  heating  and  duel  heat  mg  engine  opera¬ 
tion.  The  duel  exhaust  nozzle  control  properly  positions  the  duct  ex¬ 
haust  nozzle  area  by  monitoring  the  engine  high  speed  rotor  speed,  the 
engine  inlet  temperature,  the  fan  discharge  total- In- static  pressure 
ratio,  flight  Mach  number, ami  power  lever  position. 

The  system  meets  the  transient  requirements  of  the  engine  by  using 
the  rate  limited  power  le\«  r  <  oncept  and  a  sei  m-s.  of  interlocks, 

3.  CONTROL  ML  1  HODS 

The  engine  control  methods  are  similar  to  thos  ?  of  too  JTl’F  engines. 
Imlike  the  earlier  eontrol.  however,  t!w  present  control  maintains 
a  constant  inlet  corrected  airflow  with  i  ruising  flight  Mach  number, 
aulomaticalk  adjusts  the  thrust  to  maintain  a  con  si  ant- cruise  flight 
Mach  number  and  a  constant  landing  approach  velocity,  aim  provides 
low  idle  operation  during  de  scent. 


Airilow  Control  -  It  is  desirable  to  maintain  a  cons  tan*  engine  inlc-t 
corrected  airflow  for  a  given  cruising  flight- Mach  number,  regardless 
of  the  lre<  «tream  ambient  conditions,  in  order  to  provide  a  better 
match  between  the  inlet  and  the  engine  at  non-standard  conditions. 
Better  matching  reduces  the  aircraft  drag  and  compressor  inlet  distor¬ 
tion.  In  order  to  meet  the  cruising  inlet  design  point  airflow  require¬ 
ments,  it  is  necessary  that  the  total  airflow  <nuering  the  inlet  (minus 
bleed  air  for  bo,..  ,ary  layer  control  and  secondary  ^  ool  ig)  equal  the 
airflow  entering  the  engine  and  that  the  static  pressure  at  the  com¬ 
pressor  face  be  such  that  the  sb>..k  is  placed  at  its  optimum  position. 
These  requirements  may  be  met  ,-ither  by  using  Separately  scheduled 
engine  and  inlet  airilow  controls  -r  by  using  an  engine  airilow  control 
which  is  dependent  on  the  inlet  ,  editions. 


I  or  the  first  method,  the  eng  no  airflow  is  controlled  by  adjusting 
the  duct  exhaust  nozzle  area  a  *  function  of  flight  Mach  number,  high 
speed  rotor  speed,  and  engine  inlet  total  temperature  during  engine 
operation  above  Mach  2.  (T.o  primary  gas  .-Lreum  area  is  not  vari¬ 
able.)  Below  Mach  2,  the  area  is  varied  only  as  a  function  of  the  high 
speed  rotor  speed  and  the  engine  inlet  total  temperature.  The  transi¬ 
tion  Mach,  number  is  somewhat  arbitrary  and  was  selected  for  con- 
vcyilence.  In  both  regions,  the  m  milored  parameters  arc;  used  to 
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schedule  the  control  :p*uram.etfey  $?t3 -Ffc-sj/Ps  3 -f  In  the  low  Marh  nuinr 
'bag  region^  the  engine  corrected: airflow  is  maintained  consianl  for  a 
..given  inlet  temperature,  whereas,  for- the  hjghiMach-  numbef  cegioir,.  . 

:  *  the  airflow  is  mainta  ined  -constant  for a  given  Macin  number.  The  rc- 
qv ,i re d  Math  n umb er  sag rial  wi  1  l  b e  obtained  from-thc  inlet  system  as 
sh.Ow'n  .in  Fi«ure  )0^3.  "  °  -  .  *  . 

Portfvis  method,,  tlie' aircraft  inlet  airflow  is  independently  controlled 
as  d;  function  of  Mach  number,.  The  controlled  airflow  for  the  .engine 
";  iSjhstfmated  to  be  accurate  within  ±2  per  cent,  add  the  aircraft  inlet  , 
should  provide  an  airflow  at  the  level  of  the  high  tolerance  engine  air¬ 
flow,  When  the  engine  requires  less  airflow,  the  bypass  doors  will 
Open  to  satisfy  cyhiimuty  and’  to  position  the  shocks  at  the  optimum 
station.  ...  ' 

.  >  *  "  J  -  . 

I-  , 

Fof'ihe  second  method,  the  engine  airflow  is  controlled  by  varying  the 
duct!  exhaust  nozzle  area  as  a  function  of  the  duct  area  control  para¬ 
meter!  (Ptr3  ~  Ps5)7:Ps3,  and  the  time  Integra?  of 'the  inlet  shock  <"  isi- 
;ti on  error/.  The  duct  area  control  parameter  would  be  scheduled  from 
the  high-speed;  rotor  speed  and  the  engine  inlet  total  temperature,  without 
the  -incorporation  of  the  -i met  -Shock  position  resets  this  would  result  in 
diV  engine  corrected  airflow  being  a  direct  fuu,ctibh  of  the  engine  inlet 
itampcratiire:.  Thus:,,  the  engine  corrected,  air-flow  would  change  with,  the 
ahibicnlr  temperature  for  a  constant  flight  Mach  mirnber  during  cruise. 
;Hbiv ever.,,  with"' the  incorporation  of  tlie  inlet  shock  position  error  reset, 
the  engine  corrected  airflow  is  held-  constant  for  a  given  cruise  Mach 
number  despite, decreases  in  the  epgine  inlet  temperature  level. 


***  -  :  . 


When  the  engine  requires  less  airflow  than  the  inlet  is  passing,  the 
'by pas  ?  doors  open,  ai5d>.- when,  more  airflow  is  required,  the  bypass  - 
doors  close; '  With- the  bypass  doors  closed,,  the  normal  shock  moves 
downs tr.ea rti,  producing  a  higher  total  pressure  I >ss..  it  is  required, 
hoWevCr  ;  that  with  the  inlet  bypass  doors  closed,  the  shock  bn 
poMtioh;edva.t4fc?  optimum  station.  Therefore,  as  shown  inJF.ig are  10-4, 
:  the  shOckposi  tion  error  acts  ks  a  bias  on  the  duct  area  control  para^- 
-meter  error  to  change  tltc  airilow  required  by.  the  engine  until  the  shock 
/7'’;ppsljti9n;err'OE-'is  reduced  to  zdr  )...  The  biasing  signal  is  prevented 
from  beaching  the  area  control,  vdien  ;the  bypass  doors  are  open  by  a 
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Cruising  Flight  Mach  Number  Control  -  By^h  airframe  manufacturer’s 
expressed  a  'desire  for  a  system  that  would,  modulate  the  engine  thrust 
to  Laid  the  Mach  number  constant  and  provide  cruise  speed  stability  . 

A  system'  was,  therefore.}  designed  which  rdducesthe  fuel,  supplied-  to 
the  duct  heater  when  the  inlet  total  temperature  exceeds  a  predetermin-. 
eel  value.  The  fuel  is  reduced  by  resetting  the  duct  fuel  flow,  bias  Sched¬ 
ule  <(see  Figure  10 -5)..  The  rate  of  change  would,  depend  upon- the  stabii-r 
tty  pf  the  system  and  on  the  physical-  limits  associated  with,  high-rise  cam 
contours .  _  -  .  .  ' 


- 


Figure  10-6  shows  the  characteristics  of  the  constant  cruising  Mach 
number  control.  During  cruise,  the  power  lever  would  be  positioned 
for  the  desired  engine  thrust  in  the  conventional  manner.  Normally,, 
without  the  constant  Mach  number  control  feature,,  the  net. thrust 
delivered would  increase  with  the  flight  Mach  number  until  the  increase 
in  drag  offset  the  increase  in  thrust.  With  the  constant  Mach  number 
control  feature,  however,  the  thrust  would  be  reduced,  for  inlet  total 
temperatures  above  the  cut-off  value  by  a  proportional-gain  fuel  trim¬ 
ming  hook.  Resetting  the  power  lever  causes  the  cut-back,  to  occur 
at  a  different  engine  thrust  level.  The  thrust  decreases  with  inlet  total 
temperature  at  the  same  rate  as  previously,  however,  and  therefore 
a.  different  cruising  Mach  number  would  be  obtained. 


.Constant  Aircraft  Approach  Velocity-:  Control  -  Lockheed  requested 
that  the  feasibility  of  controlling  the  engine  thrust  to  provide  a  constant 
approach  velocity  to  a  landing  be  studied.  Such  a  feature  was  found 
to  be  feasible.  ;  : 


A  iotor-speqd:gG.verxibr  hook  reset  by  ati  error  in  flight  speed  was 
dqyelqpbd.  The  reset  circuit  would  be  supplied  by  the  airframe.-manf- 
ujfacturer...  The  reset  signal  would  be  received  by  a  lever  on  the^outside 
of  the  control  which  would  reset  the  engine  power  setting  in  accordance 
with  the  scbedult  '.uwn  in  Figure  10-7.  The  effect  of  the  system  is 
?ltbw.ii  in  Figvire  10-8.  The  reset  system  would  not  operate  at  idle 
of.  at -maximum  rated  power.  The  sLope  of  the  governor  hook  should 
■  "1  ?A^gb  A®  possible  to  a.  .  .  a  rapid  engine  r eai.fi on fo  compensate 

.  f-P?  aircraft  drag  characteristics,  and  produce  an  effective  velocity 

correction;  The  steepness  m  the  slope  would  be  limited  by  the  stability 
ftcflAir  ementSi  •  ;  -  -  -*  - 
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bLow  Idle  -  In  accordance  with  a  request  from  Boeing,  a  system  has 
been  devised  to  permit  reduced  fuel  flo\  during  descent.  The  system- 
-  provides  two  idle  levels,  the  lower  of  which  usds  a  fuel  flow  which  is 
one-quarter  of  that  of  the  other. 

-Low  idle  operation  can  be  obtained  by  placing  the  power  iever  in  the 
idle  position  and  thejfucl  cut-off  lever  in  the  low  idle  position,  pro¬ 
viding  that  the  high-speed  rotor  speed  is  at  least  50  per  cent  of  the 
.maximum  Slic'd.  During  initial  descent,  the  rotor  speed  is  above- -the 
r*j.50  per  cent  calue  and  low  idle  may  be  obtained.  When  the  aircraft 
speed'd'i ops  to  about  Mach  0.  S,  However,  the  rotor  speed  will  decrease 
below  the  ^0  per  cent  value  and  normal  idle  power  will  be  developed. 
Advancing  the  power  lever  override*-  the  low  idle  settings.  Further, 
Iqw  idle  cannot  be  re-obtained  after  being  overridden  either  by  a 
-change  in  the  power  ’ever  seating  «»r  by  «i  decrease  in  rotor  speech  un- 
dess  the  fuel  cut-off  lever-  it  cvcled  between  normal  and  low  idle. 


4.  ^ENGINE  TRANSIENT  PERFORMANCE 

The  engine  performance  levels  required  bv  the  supersonic  transport 
during  steady-state  and  commercial  operation  are  higher  than  those 
.  for- arty  existing  commercial  aircraft  engine.  To  evaluate  and 
optimize  the  transient  performance  of  the  combined  engine,  inlet, 
and:  control  systems,  a  computer  program  was  developed  simulating 
'  each  of  the  components.  The  program  permitted  the  interactions  of 
the  inlet  and  engine  systems  to  be  studied  as  a  working  unit. 

.  Computer  Program  -  The  STFzi?  engine  and  inlet  performance  was 
simulated  on  anelectrical  analog  computer  coupled  with  a  digital 
computer.  The  analog  computer  was  used  primarily  for- integrations 
;\vher*ias  the  digital  computer  was  used  for  algebraic  calculations  and 
to  provide  the  non- linear  functions  and  the  selected  time  constants.  '  >w 

The  calculation,  procedure  used  for  the  engine  program  is  shown  in 
Figures  10-9  through  10-  16.  It  incorporates  all  recognizable  effects 
^including  mass  storage  during  transients,  temperature  lags,  and 
"  rotor  inertial  effects.  Provision  is  made  for- the  simulation  of  surge 
Tnr.tlm  low-  and  .high-pressure  compressors.  The  surge  system  is 
actuated  when  the  calculated  value  of  the  average  compressor  pressure 
rise  exceeds  the  surge  value  for  a  given  corrected  speed.  The  surge 
-value 'shifts  to  aecoun.  lor  the  effects  of  inlet  distortion  and  the  value 
-  fba^the  irw—pressure  compressor  shifts  when  the  high-pressure  cotn- 
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The  engine  -rogram  was  combined  with  programs  for  XueJ  and  exhaust 
nozzle  controls  and  sent  to  Lockheed  ,,nd  Boeing.  .  Lockheed  supplied 
a  program  simulating  a  two-dimensional  mixed  compression,  inic-t  and 
-a,,  bypass  dcor  control. 

i lie  control  vendors  subsequently  conducted  transient  performance 
Studies  using  programs  for  their  respective  control  systems  in  con- 
function  with  the  engine  programs.  The  studies  were  directed  primarily 
toward  operation  during  augmentation  to  determine  the  compatibility 
of  the  engine  with  the  inlet,  but  attention  was  also  directed  toward 
operation  during  duct  heater  lighting,  duct  heater  blow-out,  engine 
accelerations  and  decelerations,  compressor  surge,  and  engine  flame- 
out.  The  results  of  these  studies -are  presented  in  Appendices  A 
and  B  for  Bendix  and  Hamilton  Standard,  respectively. 

Duct  Heater  Lighting  -  It  is  required  that  the  duct  heater  be  capable  of 
being  lit  at  all  flight  conditions.  Lighting  the  duct  heater,  however, 
raises  the  back  pressure  on  the  fan,  and,  when  the  engine  is  operating 
at  the  maximum  turbine  inlet  temperature,  might  drive  the  fan  into  the 
a.urge  region.  Protection  will  be  obtained  by  lighting  the  duct  burner  at 
its  leanest  fuel-air  ratio.  Additional  surge  margin  will  be  obtained 
by  increasing  the  duct  exhaust  area  before  lighting  the  duct  burner. 

Figure  10-  17  is  a  plot  of  the  duct  exhaust  nozzle  control  parameter  vs 
The  corrected  rotor  speed  for  operation  without  duct  heating  and  with 
‘duct  heating  using  the  minimum  fucl-to-air  ratio.  The  amount  of  duct 
nozzle  area  reset  required  depends  on  the  rotor  speed  and  on  the  f»cl- 
,  to -air  ratio  at  lighting. 
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When  zone  lighting  is  selected,  the  fan  discharge  pressure  ratio  reset 
valve  is  activated  by  the  rate  limiting  power  lever  through  a  sequencing 
valvei  This  changes  the  requested  (Pfc3  -  Ps3)/P  to  produce  an  error 
signal  which  causes  the  duct  area  to  be  reset.  When  zone  lighting  is 
achieved,  .the  error  signal  is  removed  and  the  duct  area  readjusts  to 
a  value  compatible  with  the  temperature  in  the  duct. 

■5  fbnC  l{Shth'&  has  a  Jirect  effect  on  ihe  airflow  required  by  the  engine. 
Increasing  the  duct  nozzle  area  prior  to  duct  lighting  increases  the  engine 
corrected  airflow,  whereas  zone  light  up  reduces  the  airilow  Jor  a  fixed 
.nozzle  position.  Figure  10-18  shows  the  calculated  and  analog  computer 
values  of  airilow  during  these  operations .  The  two  set*  of  data  differ 

-because  the  calculated  data  assumed  instantaneous  coir  ous  lion  an  in¬ 
stantaneous  rise  in  back  press  ire  on  the  fan,  and  no  change  in  the  exhaust 
no-zzlc  area.  as  shown  in  Figur-  10-  19.  However,  combustion  mav  re- 
qutre  as-  long  as  0.1  second  to  reach  its  proper  «cve!  because  of  drooling 
fcijects  of  the  manifold  during  the  filling  and  liphyinp  Period,  Also,  the 
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/pressure  rise -dOOs  not  coincide  with  the  temperature  rise,  ’hut  lags 'her 
$®by  -about f. 01  second.  /Further,.  the  engine  airflow  change  lags  her- 
%ind:'£hfe  pfessiire  rise  by.  about  0. 02  second.  The  total'  transient*.  ihere- 
fprei  requires  about  O.  j  3  Second,  but  since  the  duct  exhaust  nozzle- re¬ 
sponds  during  the  first  0.04  second,  the  airflow  distrubance- is. reduced. 
f%gur ds  iO-20  and  10-2 1  show,  typical  traces  for  duct  heater  lighting 
aifd '.thrust  modulation. 
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Typical  inlets  are  not  expected  to  retain  the  shock  wave  when’  subjected 
-K'iq-  step  airflow  changes  greater  than  2  per  cent  or  smooth  changes  at 
rates  greater  than  10  per  cent  per  second.  Duct  burner  lighting  could 
'-exceed  these  limits,  and  therefore  the  augmentation  control  system 
Will  provide  a  signal  for  the  supersonic  inlet  control  system  before 
duetbufner  lighting.  This  will  permit  the  inlet  control  to  anticipate 
the  burner  lighting  and  prevent  the  shock  wave  from  being  expelled. 

After  lighting  has  been  achieved,  the  resetting  signal  will  be  removed. 
The  Lockheed  inlet  which  incorporates  stabilizing  throat  bleed  can 
tolerate  greater  airflow  distrubance  rates  than  those  listed  above  and 
Unis  requires  rid  anticipation  signal. 
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Engine  Accelerations  and  Decelerations  -  The  engine  is  expectc-d  to 
accelerate  from  Idle  through  maximum  non-augmented  thrust  to  maxi¬ 
mum  thrust  <h  accordance  with  the  curve  shown  in  Figure  10-22.  The 
-speed  transient  is  shown  in  Figure  10-23. 

The  gas  generator  acceleration  is  limited  by  a  fuel  flow  acceleration 
Schedule  which  maintains  an  adequate  surge  margin  for  the  high  pres¬ 
sure  compressor  and  ensures  that  the  turbine  inlet  temperature  limit 
is  not  exceeded.  The  acc  ‘'^ration  schedule  closely  approximates  the 
steady.~state  operating  line  for  the  fan. 
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The -augmentation  acceleration  is  limited  by  the  time  required  to  fill 
fhef individual  zone  manifolds.  At  the  flight  conditions  on  which  Figures 
10r23  %nd;  10=24  are  based,  the  time  to  fill  each  manifold  is  one  second. 
The  remaining  acceleration  time  is  a  result  of  the  rate  limiting  of  the 
power  lever  motion  to  minimize  the  airflow  disturbance. 
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■;t ’  lliring,  engine  deceleration,  the  airflow  remains  essentially  constant 
'  f  '  ... :  '  -^infce  the  duct  exhaust  nozzle  area  is  varied  to  maintain  the  pre® 

!  ;  scheduled,  fan: discharge  pressure  parameter.  However,  when  the  limit 

.  f  i'-yj.-  -  '  '"Of  |fie: -exhaust -nozzle  area  change  is  reached,  the  -airflow  will  be  re- 

.  -  duced.  , 
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Dfiring  deceler a ti oris ,  the  per.missable  rate  of  airflow  change  does  not 
“ekceed  lD  per  cent  per  second,  and  therefore  the  system  is  compatible 
with  fhe  inlet.  ; 
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Compressor  Surge  -  Should  cerpprc s  so  r  surge  occur,  it  will  occur 
duriiig  engine  aecTTejpatjons  or  deccTe-rations,  or  as  a  result  of  inlet 
distortion,  duct  fioater  ligli ting ,  or  inadequate  duet nozzle  exhaust 


area.. 


If  the  fuel  control  does  not  adequate-!*/  limit  the  rate  of  fuel  flow  in¬ 
crease  during  acceleration,  the  rapid  rise  in  burner  temperature  and 
pressure  wifi- accelerate  the  high-pressure  compressor  with  its  rela¬ 
tively  low  inertia  into  the  "surge  region  sin^e  the  flow  is  restricted  by 
the  turbine  nozzle  canes.  The  fan,  however,  is  driven  toward  choked 
;  operation  since  its  relatively  high-  inertia  restricts  its  acceleration 
irate,  and  the  increased  airflow  demanded  by  the  high-pressure  com¬ 
pressor  reduces  the  pressure  between  the  compressors.  Du'  mg 
deceleration,  the  high- soced  rotor  decelerates  faster  Ih  u  li.e  low- 
speed  rotor,  restricting  the  engine  flow.  With  these  conditions,  the 
fan  may  surge  unless  th»  duct  exhaust  nozzle  area  is  increased. 

Inlet  flow  distortions  may  cause  slightly  reduced  flows  and  have  a 
tendenev,  therefore,  to  induce  surge.  The  effects  of  surge  on  the 
inlet  were  determined  during  several  computer  run's.  Surge  was 
indiired  by  altering  the  control  limits  so  that  cither  duct  lighting 
occurred  with  too  ricJva  mixture  or  '.bet  the  duct  exhaust  nozzle  area 
was  too  small.  In-each  case,  the  engine  surged  violently  enough  to 
disgorge  tbeTio rrna  1  shock,  producing  high  normal  shock  total  pres¬ 
sure  losses  and  consequently  reduced  compressor  inlet  total  pressure 
and  engine  airflow.  The  traces  for  shock  expulsion  are  not  included 
4 h  Appendices  A  and  13  since  the  computer  was  not  programmed  to 
compute  for  a  shock  position  outside  the  cowl  lip. 


With  normal  control  operation,  the  reduced  engine  airflow  would  be 
Sensed  by  the  duct  area  control  which  would  increase  the  duct  area 
and  permit  the  engine  to  recover.  The  engine  power  lever  angle 
might  also  be  reduced  at  the  first  indication  of  disturbance  to  make 
the  engine  requirements' more  corn  path  1  •*  with  the  inlet. 


THRUST  REVERSE R 


Booing  has  requested  a.  three- position  thrust  reverscr.  The  positions 
:  '  ant?  slo\V,  mill  thrust,  and  reverse  thrust.  The  position  of  the  thrust 

-  r>tvw*rsor  j-s  controlled  by  the  power  lever  as  shown  in  Figure  10-2  3. 

\  J  .  y  Tft&  revt-Fser  is  stowed  for  a’5  power  lever  angles  greater  than  35 

V:yt_  v  ,  The  null  position  is  provided  for  power  lever  angles  between 

-  .'f  '.pTff  :  j?  and  23  degrees  with  a  rotor  speed  approximately  $0  per  cent  of  the 
‘  &pecwfjvei»g  obtained  at  the  25  degree  point..  Retarding  the 

‘spaiv'&r  TeVpr'  Jfpz' liver  ts  the  full  reverse*  thrust  position  and  in- 
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creases  the  rotor  speed  until  100  per  cent  c-.*  '.he  available  reverse  thrust 
is  obtained  at  a  power  lever  “angle  of  0  degrees.  The  fuel  control  limits 
the  rate  of  change  of  the  power  lever  until  toe  selected  position  of  the 
reverser  is  achieved.  The  reverser  require  scents  for  the  Lockheed  in¬ 
stallation  are  conventional  in  that  only  two  por  tion.- ,  stow  and  reverse, 
are. required.  The  system  operates  essentially  the  same  as  the  current 
subsonic  jet  reversers  and  is  the  same  as  the, system  described  above 
except  for  the  omission  of  the  null  thrust  position. 


6.  CONTROL  VENDOR  STATUS 


-  Contracts  for  the  continuation  of  the  work  funded  by  contract 
,AF33(657)- 1 1 189  arid  reported  in  Technical  Report  PWA-2353,  Appen¬ 
dices  A  and  B,  were  placed  with  the  Bendix  Products  Aerospace 
Division  and  with  the  Hamilton  Standard  Division,  The  contracts 
provided  for  each  vendor  to  continue  the  testing  of  ‘r.eir  respective 
pressure  ratio  sensor  designs  in  order  to  more  fully  explore  the 
problem  areas.  It  was  intended  that  this  phase  of  P  ?  program  would 
reveal  which,  engine  control  is  better  suited  for  the  proposed  engine, 
•thus  {.enabling  a  selection  of  one  of  the  vendors. 


£72 


The  vendors  have  completed  their  studies  and  have  submitted  their  re- 
.  ports..  The  reports  submitted  by  the  vendors  ar»  included  in  this  report 
.  as.Appendices  A  and  B  and  contain  the. resuits  of  analytical,  design, 
and;  experimental  efforts  conducted  to  develop  a  control  system  which 
.  will  meet  the  engine  requirements  and  provide  optimum  engine  perfor¬ 
mance.  Included  are  the  results  of  control  mode  studies,  analog  com- 
i  .piit.er  control  simulation,  and  studies  of  control  configurations  and 
{installation  arrangements. 

.  .  7.  CONTROL  SYSTEM  COMPONENTS 


•Studies' were  conducted  to  define  the  design  and  performance  require¬ 
ments  of  the  primary  components  of  the  control  system.  The  rm  in 
fuel  control,  duct  area  control,  and  duct  fuel  control  requirements 
yy.exe  issued  .to  the  veiidore  early  enough  to  permit  them  to  study  the 
requirements  and  develop  a  mathematical  model  of  the  control  for 
.  computer  representation.  The  preliminary  purchase  specification  for 
;theVcS>ptrol:  system,  Pi?S  819D,  is  presented  in  Appendix  10 -A. 
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Additional  specification .  (also  included  in  Appendix  lOrA)  have  been 
issued  for  the  system  pumps.  The  main  fuel  pump  is.  an  engine-driven, 
high-  pressure  single  otage  unit  fed  by  a  single-stage  centrifugal. pump- 
The  requirements  for  this  pump  are  specified  in  PPS  858.  The  engine- 
driven  hydraulic  pump  requireme  «ts  are  specified. in  PPS. 859.  The 
duct  heater  tuel  pump  is  a  centrifugal; unit  driven  by  an  auxiliary  air 
turbine.  The  Requirements  for.  this  .pump  are  specified  in  PPS  860. 


B.  ACCESSORIES  -  IGNITION  SYSTEM 
1.  INTRODUCTION 

The  design  of  the  SST  engine  ignition  system  was  predicated  on  the 
requirements  for  high  reliability  and  long  life  under  the  extreme  en  ■ 
rironroental  conditions  of  this  installation.  Consideration  was  given 
to  Yhetb'  ds  of  reducing  the  system  complexity  to  produce  a  system 
With  low  weight  and  low  cost  when  such  reductions  could  be  made  with¬ 
out  sacrificing  pe-"fof mance  or  reliability.  / 


A  high  and  a  low  tension  system  were  designed.  The  low  tension  system 
appeared  to  be  the  better  suited  for  the  intended  application.  The  low 
tension  system  is  a  4  joule  dual  ignition  system  using  fuel  to  cool  the 
critical  exciter  components.  Two  versions  of  the  system  were  designed 
and.  tested.  By  using  fuel  cooling,  electrical  components  similar  to 
those  used  on  existing,  commercial  engines  could  be  used  at  their  maxi¬ 
mum  Operating  temperatures,  and  the  low;  tension  leads  and  igniters 
required  no  technological  advances  to  permit  operation  at  the  anticipated 
temperature  levels.. 


The  high  tension  system  was  designed  as  a  backup  system  in  case  the 
low  tension  system  is  found  to  be  inadequate  for  engine  ignition  under 
certain  operating  conditions.  The  high  tension  system  is  somewhat 
.larger,  more  expensive,  and  more  complex  than  the  low  tension  system. 
Furthermore,  a  larger  development  effort  would  be  necessary  to  per¬ 
fect  a  high  tension  transformer  capable  of  withstanding  the  SST  en- 
vironmerital  temperatures  without  electrical  breakdown.  Om  vendor 
hao.  proposed  a  high  tension  ignition  system  in  which  the  high  tension 
transformer  is  h°used  ih\the  fueTcooled  exciter.  The  vendor  has  started 
development  of  the  high  temperature,  high  tension  lead  required  to  supply 
power  to  the  igr '.tor.  A  second  vendor  has  designed  and  fabricated  a  high 
'tension,  high  temperature  transformer,  and  tests  have  been  conducted. 
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Augmentor  rig  ignition  by  a  resistance  element  glow  . plug  was  demon¬ 
strated  following  a  laboratory  evaluation  of  the  glow  plug  temperature 
•and  warm-up  characteristics. 

2. "  COMPONENTS 

The  low  tension  ignition  system  consists  of  two  independent  AC  powered, 
4-joule  low  tension  capacitance  discharge  type  ignition  circuits  designed 
to  fire  two  igniters  continuously.  Both  circuits  are  contained  in  a 
single  exciter  package.  Two  cooling  systems  were  designed.  For  the 
first,  shown  in  Figure  10-25,  fuel  circulates  in  an  annular  passage 
around  the  exciter.  For  the  second,  shown  in  Figure  10-26,  the  fuel 
flows  through  a  spiral-wound  tube  brazed  to  the  exciter  body.'  The 
exciters  are  enclosed  in  a  Oiermrllv  insulating  blanket  in  both  designs. 

Two  high- tension  ignition  system?  were  designed.  The  first  consists 
of  a  low  tension  exciter,  sim.lar  to  that  used  for  the  low  tension  system, 
driving  two  separate  voltage  tram  former-capacitor-  igniter  packages 
as  shown  in  Figure  10-2  7.  The  transiormer-igniter  system  is  designed 
to  operate  in  environments  up, to  1000*1"  and  provision  is  made  for  the 
replacement  of  the  igniter  plug  in  the  field.  For  the  second  system,  the 
high-tension  transformer  is  housed  in  the  cooled  exciter  package,  Higi 
temperature,  high  tension  leads,  still  in  tl.i  development  stage,  will 
connect  the  exciter  to  the  igniters. 

The  24-volt  DC  powered  glow  plug  tor  augme-ntor  ignition  consists  of 
a  dual  helically  wound  resistance  coil  recessed  in  a  steel  shell. 

3.  FACILITIES 

An  altitude  chamber  consisting  of  a  3.  5-foot  diameter  sphere  was  used 
to  obtain  a  pressure  level  equivalent  to  the  pressure  at  an  altitude  of 
SO, .000  feet.  The  chamber  c.tnnot  simulate  the  cold  ambient  temperature 
associated  with  the  high  altitude,  however. 

A  4-eubic  foot  chamber,  thermo  statically  maintained  at  -65°F,  was 
used  to  cold  soak  components  a  mini  mam  of  48  hours  before  low-tem¬ 
perature  testing. 

The  radio  frequency  intersVrem  <  shielded  room  is  constructed  to  comply 
.with  the  requirements  of  MIL- E-  ? 9 5 7 A .  The  equipment,  radio  receiver, 
antenna s.,,s  ta  b .  1  i  za  1 1  on  networks,  and  signal  generator  comply  with  the 
requirements  of  MIL-! -613  I  D. 
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'  The  hea't  transfer  capabilities  cf  the  fuel- cooled  exciter  were  evaluated 
oii  a  rig  using  water  instead  oX  fuel  as  the  heat  sink  while  the  exciter 
vyas  mounted  In  ah  electrically  heated  oven.  The  heat  added  to  the 
water  as  it  was  pumped  through  the  exciter  in  the  oven  was  removed 
Tin  a  secondary  heat  exchanger.  The  temperatures  o£  the  exciters., 
water,  and  oven  were  measured  with  thermocouples  and  with,  a  potentio¬ 
meter  pyrometer.  Water  flow  rates  and  pressure  drop  through  the 
exciter  cooling  passages  were  measured  with  a  flow  meter  and  differ¬ 
ential  pressure  gage,  respectively. 
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4.  TEST  PROCEDURE 


The -igniters  were  evaluated  for  spark  repetition  rate,  breakdown 
voltage  as  a  function  Of  pressure,  radio  frequency  interference, - 
and  heat  transfer  characteristics. 


1 ;  0 : 


The'spark  repetition  rate  was  determined  at  sea  level  ambient  pres¬ 
sure  and  temperature,  at  sea  level  ambient  temperature  but  a  pres¬ 
sure  altitude  of  80,000  feet,  and  at  sea  level  ambient  pressure  and 
t65qF.  Tests  were  conducted  at  each  of  the  above  conditions  with 
-minimum,  nominal,  an f  maximum  input  power.  Open  circuit  voltages 
were  measured  by  an  oscilloscope  fed  by  a  voltage  divider. 

The' igniter  breakdown  voltage  was  measured  at.atmospheric  pressure, 
:  Jdb  psig-,  200  psigj  end  500  psig.  Voltages  were  measured  by  an 
oscilloscope  fed  by  a  voltage  divider  in  the  igniter  input  lead.  ~ 


m-*: 


Because  of  the  method  of  constructing  the  high  voltage  transformer- 
capacitor-igniter  package,  the  open  circuit  voltage  could  not  be  readily 
measured  without  destroying  the  igniter.  Consequently,  the  open  cir- 
ctritTv o  1  tage  was  determined  by  measuring  the  minimum  pressure  at 
Nvlnch  the  igniter  fails  to  fire,  This  value  was  then  correlated  to  the 
cut-offTpressures  for  igniters  with  similar  gap  designs  for  which  the 
Breakdown  voltage  is: 'known. 


fcv.v  s.  The  spark-energy  «9f  the  high-tension  ignition  system  was  determined 

i  ---Tf-vA  - -  ky  integrating  the  power- v.s- time  curve  produced  from,  an  oscillograph 
pit?-- ~  A  -  display  of  thes  voltage  , and  current  during  igniter  firing- 
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V  vT'T :TH£dk>~;f quericy  interference  tests  were  conducted  in  accordance  with 
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Btkg^^lt^^TleaTAfahsJffer-^iai^ctcristics  were  evaluated  in  an  oven  with  the  ex- 
Jlm_ s£j^sT..-T-;T  tei tersTiPr bteefed  from  direct  cbnfact  with  the  oven  floor  by. a  fire  brick. 

Hfi-v  >V  Water  flow  rate  of  250  pph  was  established-on  the  basis  of  the  ratio  , 
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of  th.e  specific  heats  of  water  and  fuel  and  was  equivalent  to  a  fuel  flow 
of  500  pph.  The  oven  was  then  set  at  750 °F  arid  the  water  temperature 
into  the  exciter  maintained  at  90°F»  The  data  taken  included  the  water 
temperature  into  and  out  of  the  exciter,' the  exciter  internal  temp¬ 
erature,  the  temperature  profile  of  the  exciter  skin,  and  the  pressure 
drop  through  the  exciter  cooling  passage.  Readings  were  taken  every 
15  minutes.  The  exciter  was  not'  energized  until  after  the  temperature 
had  been  stable  for  at  least  one  hour. 

Inasmuch  as  the  ability  of  water  remove  heat  from  the  surface  over 
which  it  is  passing  differs  from  that  of  fur',  the  temperature  of  the 
exciter  internal  components  when  using  tuel  cooling  could  not  be  com¬ 
puted  directly  from  the  data  based  on  using  water  as  the  coolant.  In¬ 
stead,  the  temperature  of  the  effective  portion  of  the  exciter  wall 
adjacent  to  the  internal  components  was  computed  from  the  data  obtained 
with  water  as  the  coolant.  Based  on  the  fact  that  the  temperature  dif¬ 
ferential  between  internal  components  and  the  exciter  wall  must  be  the 
same  regardless  of  coolant  in  order  to  remove  a  given  amount  of  heat 
from  within  the  exciter,  the  internal  component  temperature  was  then 
calculated  assuming  a  fuel  coolant  flow  of  SOU  pph  at  250 °F. 

Glow  plug  element  temperatures  were  measured  under-  ambient  pressure 
and  temperature  as  a  function  of  power  input  by  an  optical  pyrometer. 
Transient  as  well  as  stabilized  characteristics  were  determined.  The 
augmentor  rig  described  in  Item  7  was  lit  by  injecting  atomized 
fuel  onto  the  glow  *  ;  set  at  approximately  2300 °F. 

5.  DISCUSSION  OF  RESULTS 


-1/OWrTcnsiou  Ignition  System  -  The  results  of  testing  the  two  low- 
tension  ignition  systems  are  shown  in  Table  10-1.  These  results 
indicate  that  both  low-tension  ignition  systems  have  the  capability  of 
meeting  all  SST  requirements  with  respect  to  spark  repetition  rate 
and  open  circuit  voltage.  Both  systems  operated  satisfactorily  at 
altitude,  cold,  and  sea-level  ambient  conditions.  The  spark  rate 
checks  made  during  heat  transfer  tests  with  the  component  temperatures 
between  250  and  300  °F  never  fell  below  the  minimum  requirement  of 
yone  spark  per  second  or  went  above  the  maximum  of  2.  5  sparks  per 
Second.  'The  voltage  required  to  make  the  low  tension  igniter  spark 
-  ivas  iess  than  1  KV  for  any  pressure  up  to  200  psig,  and  only  rose  to 
]%.;f  500  ps.'».  ' 
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TA.BLE  10-1 

Low-Tension  Ignition  System  Test  Results 

Spark  Repetition  Rate 
(Sparks  Per  Minute) 


Sea  Level  Ambient 


360  CPS  90  VAC 
900  CPS  115  VAC 
490  CPS  124  VAC 

Altitude  (80,000  Feet) 

360  CPS  90  VAC 
400  CPS  115  VAC 
440  CPS  124  VAC 

Cold  {.-65°F) 

360  CPS  90  VAC 
400  CPS  i  1  5  VAC 
440  GPS  124  VAC 


Annuiar-Cooled  Exciter 
Circuit  A  Circuit  B 


Spiral  Tubing-Ceiled 
_ Exciter  _ 

Circuit  A  Circuit 


109 

118 

72 

154 

161 

88 

160  . 

175 

82 

112 

119 

72 

159 

173 

92 

158 

172 

36 

121 

125 

83 

168 

181 

88 

167 

177 

87 

Other  Characteristics 

OpcnCircuit Voltage  (volts)  2980  2980 

Total  Hot  Time  to  Dale  (Hours)  65 

Total  Electrical  Time  to  Date  (Hours)  20.5 

Typical  S ST  Low  Tensi^u  Igniter 


■tat . i 


Pressure  (psig) 
Breakdown  Voltage  (KV) 


100 

0.7 


200 

0.9 
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Thigh -Tens  ion  unition  System  -  The  high-tension  ignition  system  met 
the  same  -mark  repetition  rate  standards  set  for- -the  low  tension;  system 
amt  continue'  co  meet  rhe.-e  requirements  during  a  duty  cycle  operation 
■pi  Z  minutt-s  »•*.,  \  minutes  off ,  2  minutes  on.,  and  25  minutes  off,, 

t.  The  test  was  conducted  at  i  000  5F  and  indicated  that’ the  high  temperature, 
bfgh-tonsien  iransft'**nu*r  design  i*  a  feasible:  method  of  supplying  a 
nigh -tens  ion  ignition  system  if  required  fur  me  SST  engine.  ThChigh- 
rensic-n  igniter  power  was  IS.  3  Rv  ;nd  the  spark-energy  was  0.6  Joules,  -.= 
indicating  that  some  improvement  in  high-tension  transformer  efficiency 
•  is  required. 


TABLE  iO-2 


High-Tension  ignition  System  Test  "esulrs 


-  Spark  Repetition  P ate 

(Sparks  Ps  r  Minute) 

360  CPS  90  VAC  400  CPS  11'.  VAC  440  CPS  124  VAC 


Sea  Level  Ambient 
Altitude  (80,  000  T  eet) 
Coidf~fc3°F) 

Hot  (1000  °F) 


•Other  Characteristics 


Igniter  Pressure  (psig)  100  200  300 
Sparks;  Per  Minute  -84  SJ  -  8'5 


3?  5 

Igniter  fires 
Intermittently 


-- 'Total  Time  at  1000,°F  to  Date 
Tqta'l;  Electrical  Time  to  Date 


4  5: A  Hours 
3.  2  Hours 


:  First  Lc-oj>  Second  Loop; *-  Third  Loop  Total 


Power  =at' Igniter  (Kw);  28. 

Energy  At  Igniter  (Joules)  0.  33, 


7.1 

o.:is 


3.4 
0.  10 


38.  5 

0.  60 


-  2”'1 


TEaAlo  Frequency  Interference  -  Radio  frequency  interference  testing 
Bgs  ystahliiljedf  that  neither  rladia ted  r.or  conducted  noise  is  a,  problem 
yfqfc-tf  e  2&fT  ignition  system.  All  recorded  noise  levels  were  welt  below 
;  'limits  bf  accepiMfele  h..«sp  as  established  in  MIL--E-5P07B.  = 
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>6.7.  REOOIviMENDA TIOMS 

■v  1 

The  favorable  results  obtained  with  the  initial  combustor  and  augmentor 
ignition  system  hardware  confirms  that  development  of  these  systems 
should /continue.  . 

Development  of  the  low  tension  ignition  system  should  be  directed 
toSvard: 

~  1.  Further  improvement  of  the  exciter  design  to  reduce  the  size 

and  weight  below  the  current  acceptable  levels  and  to  improve 
heat  transfer  characteristics  and  field  maintenance  capabilities 

2.  investigations  of  actual  ignition  capabilities  in  combustor  rig 
testing,  and 

3.  Endurance  testing  of  acceptable  designs  to  prove  long  term 
reliability. 

High-tension  ignition  system  development  should  include  investigation 
of  the  effects  of  high  temperature  on  the  high-tension  components  with 
particular  emphasis  on  the  development  of  high-temperature  trans¬ 
formers  and  high-tension  leads.  High -temperature  endurance  testing 
will  be  necessary  to  prove  the  reliability  of  the  high-tension  components, 

The  augmentor  ignition  system  glow  plug  requires  rig  development  to 
optimize  the  plug  temperature,  configuration,  and  location.  Develop¬ 
ment  efforts  should  be  directed  toward  improving  the  durability  and 
reducing  the  warm-up  time. 
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NOMENCLATURE 
Primary  Symbols 

Area  (ft^) 

Specific  heat  at  constant  pressure  (Btu/lb°R) 
Sper:fic  heat  at  constant  volume  (Btu/lb°R) 
Thurst  (lb) 

Enthalpy  (But/lb) 

Constant 

Duct  Ilameholder  bleed  air  factor.  KBL  =  1 
total  airflow) 

Mach  number 

Low -speed  rotor  speed  (rpm) 

High-speed  rotor  speed- (rpm) 

Total  pressure  (lb/ft^) 

Static  pressure  (lb/ft^) 

Gas  constant  (I/MW)  (ft  lb/lb°R) 

Laplace  complex  operator  (sec~-) 

Total  temperature  (°R) 

Volume  (ft^) 

Air  velocity  relative  to  aircraft  (ft/sec) 
Airflow  (lb /sec) 

Fuel  flow  (lb/sec) 

Cp/Cv 

P/2116 

Efficiency 

T/519 

Time  constant  (sec) 

Power  (Btu/sec) 

Subscripts 


KBL  =  1  -  (bleed  airflow/ 


Ambient 
Ave  rage 
Burner 

Duct  diffuser  discharge 
High-pressure  compressor 
Fan  duct  exit  section 
Primary  burner  section 
Gross 

Radial  section  passing  primary  airflow 
Net 

Radial  section  passing  duct  airflow 
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CONSTANT  CRUISING  MACH  NUMBER  CONTROL  CONCEPT 


Figure  10- 6 
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ENGINE  INLET  TOTAL  TEMPERATURE 


POWER  LEVER  ANGLE 


AIRCRAFT  VELOCITY 
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VARIATION  IN  DUCT  AREA  CONTROL  PARAMETER  WITH 
ROTOR  SPEED  SHOW  ING  EFFECT  OJ  DUCT  LIGHTING 


Figure  1 0-~  1 7 
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POWER  LEVER  ANGLE  -  DEGREES 


ILLUSTRATION  OF  POWER  LEVER  OPERATION JN 
REVERSE  MODE  ;  ' ' 


Figure  10-24 
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Date:  28  February  J 9 64 

Rev,  A:  22  April  1964 

Rev,  B:  26  June  1964  -  —  - 

Rev.  C:  1  October  1964 

Rev,  O:  13  October  1964 


1.  SCOPE 

This  specification  establishes  the  engineering  requirements  for  the 
fuel  and  area  control  used  on  a  typical  SST  engine. 

2.  DESCRIPTION 


2.  1  The  control  system  shall  consist  of  a  hydro-mechanical 
system  operating  to: 

1.  control  engine  speed  hctu  con  idle  and  maximum  gas 

generator  power. 

2.  schedule  main  engine  fuel  flow  within  desired  limits 

during  transient  operation. 

3.  sequence  the  scheduled  duct  burner  fuel  flow,  supplied 

from  an  air  driven  turbopnmp.  over  the  operating  envelope 
between  augmentation  cut-  -ff  and  maximum  augmentation, 
to  two  indi'.tdual  fuel  manifolds. 

4.  position  the  exhaust  nozzle  area  to  maintain  the  desired 

engine  operating  condition. 

3.  APPLICABLE  PnBLIC  A  TIP  NS 

3.  1  The  applicable  specifications  and  standards  listed  in  ANA 
Bulletin  No.  343n  shall  form  a  part  of  this  specification  to  the  extent 
specified  herein. 

3.2  The  following  specifications  and  publications  shall  form  a 
part  of  this  spec  ification  to  the  extent  specified  herein. 
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REQUIR  EM  ENTS 

4.  1  Gen«. ral  Reouiren.ents 


Test  Fluid 
Fuel 

Vendor  Responsibilities 
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4;  I.  1  Materials  and  Processes  -  Materials  and  processes  qsed 
in  the  manufacture  of  the  fuel  controls  shall  be  of  high  quality  and  suitable 
for  the  purpose.  Materials  specifications  shall  conform  to  applicable  speci¬ 
fications  listed  in  ANA  Bulletin  No.  343n.  When  vendor  specificat'ons  are 
used  for  material  or  processes  which  affect  performance  or  durability  of 
the  finished  product,  such  specifications  shall  be  subject  to  release  to  the 
government.  The  use  of  r.on-govcrnmertal  specifications  shall  not  consti¬ 
tute  waiver  of  government  inspection. 

4.  1.  1.  1  Dissinolar  Metals  -  The  use  of  dissimilar  metals  in 
contact,  as  defined  on  MS  33586A  shaLi  be  avoided  wherever  practicable. 

4.  1.  1.2  Use  of  AMS  5610,  3620,  =3  621,  5630,  5631,  and  5632 
Materials  -  The  use  of  the  subject  heat  treatable  stainless  steels  or  equi¬ 
valents  is  prohibited  unless  agreed  upon  in  writing  by  PWA  Engineering. 

4.  1  1.  3  Use  of  Copper  or  Copper  Alloys  -  The  use  of  copper 
or  copper  alloys  in  areas  exposed  to  fuel  is  prohibited. 

4.  1.2  Standard  Parts  -  AN  or  MS  standard  parts,  selected  from 
those  listed  in  ANA  Bulletin  No.  343n.  si  all  be  used  unless  it  is  determined 
that  they  are  unsuitable  for  the  purpose.  They  shall  be  identified  by  their 
standard  part  numbers. 

4.  1.  3  Protective  Treatments  and  Coatings  -  Protective  treatment 
and  coatings  shall  be  in  accordance  with  applicable  specifications  listed 
in  ANA  Bulletin  No.  343n.  With  the  exception  of  the  areas  listed  below, 
all  parts  not  in  constant  contact  with  fuel  shall  be  corrosion  resistant 
or  suitably  protected. 

(1)  Workine  bat  faces 

(2)  Threads 

(3)  Drive  pad  faces 


4.1.4  Screw  Threads  -  All  conventional  straight  screw  threads 
shall  conform  to  the  requirements  of  M1L-S-887Q  except  paragraph  3  42.. 
These  include  threads  on  standard  hardware  bolts  and  nuts,  tapped  holes 
receiving  standard  items,  nuts  for  use  on  studs,  ai.d  'breads  for  nei  -stand¬ 
ard  parts  where  a  new  thread  size  is  being  incorpo-  ted  in  a  new  design  or 
redesign  and  '.here  tooling  is  not  already  avuilabl-  These  requirements 
-need  not  apply  to  electrical  connectors,  'gr.’th  n  Y  . ‘  •■s $.  thermocouple 
harness,  interference  fit  threads,  either  thread  end  of  studs,  fluid  ^jttinjs. 
fluid  fitting  bosses,  tube  coupling  nuts,  ground  or  cut  threads,  threads  of 
non-standard  items  where  similar  parts  with  the  same  thread  are  already 
designed  and  tooling  is  already  available,  and  helical  inserts  including 

tapp&d  holes  for  same  where  it, has  been  determined  that  the  inserts  will 
accept  a.  MfL-S-8879  external  thread.  _ _ _ 

rtf  A  f-%\A  *#C¥  J*>4* 


PAcr  no  2 


;:  ‘  N-  *  \.  -  -'”« 

jggg^sj;  ~  ,  ?SA  %  %  <:;n  -  r-*  '  r 

&''££<■'  ^  '  ’  _ _.  ^rmwcw^at-v-  --  -  » »*aa>^q£  ««i»sga*^5JfcUgyr=-  -  -_  - 

** x  '*  ’°T  *.  .*<  “  -*2,,.  c,-<? 

- '  '•  K  -'.-■  '•'••  ; 

jasaBbSBigrvaS:  >-=5a-"  ^ <■  - -  .  _  -  "  —  *  ,*.r  :  _ 

f-  >*>.  '<  T^Apr  j> m&THtfcfiiii-Kpi?  "  '  -r-i.  .  ‘  _"- 

^  -fv^n  .-"  £T  -  >  *  -  - _ ■_>  y-r*v  _*  -  °»+  ■»  ^  ( 


:L-L-kS:.  ?vtL-X-a  II 
wr^c^r?  tgr  —  t~ 

k  ;  - '  <■ 


?/lfl  *DPG-8HD 


C  1. 5  Data 


-  A  data  plate  shall  he  attached  to.  the  fuel 


:"M il^O'ntBbf^^^ial l UtRutte  the  following  information: 

g"r  .  A'"  f  O.','"’  "  'v  ‘  ‘  ? 

f  *  :  4  "V.  .->  «•  ‘  - 

.  ^  •5  *  -  .  -  ’C$.  Manufacturer.’ s  name  and  trade -mark 

-s^fj  '.  --. 

w  :- X-'  '•_  •  *  {2}  Manufacturer's  list  number 

•-  --•  ■■-]?-■  :-V.  - 

•  >;  ;  5 ;.  •  ‘  (i)  Manufacturer's  »ar!  nmnl-jy 

;  fr  ’l  ■:].  ' .  . 

:.  f.  .•;  ’  (dl  Control  serial  nur.iboi- 


'*  f  •!.  l.S.  1  Se  r  i  a  Liza  tio  n  -  Serial  number:  of  controls  procured  under 

thi.s  specification  shall  not  duplicate  .serial  numbers  of  other  similar  compo¬ 
nents  supplied  by  the  vendor  t->  } ‘ :.V A .  -\  sufficient! y  iarre-  block  of  serial 

■  :  Uiimhers  s.'  iiil  oe  assign-d  to  th«-  h.is  *  :  ■f.tr  ’l  model  to  cover  anticipated 
?J|r eduction  The  use  if  letters  :t<  ^--•oa!  identification  shall  be  -4 v- > i *■' -  l 

:  '1.2  fust  Requirements 

4-2.  I  Qualific  at »  - >n  1  uats  -  Appr  -val  as  a  type  of  fuel  control 
.;  . procured  under  this  spec ifica'tl *  >  t  r  ..  prototype  engine  shall  be  contingent 
:  upbn  satisfactory  completion  .1  '  f>  h  -.r  preliminary  flight  rating  test  in 

accordance  vitf*  ML»^- E-5  tnpro\a!  as  a  tyi)<-  '•{  tuel  control  procured 

under  this  specification  for  a  pm.nif  fiun  -  ngine  shall  !  «  contingent  upon 
-  satisfactory  completion  01  a  !-<  -  * « *  j  r  engine  qualification  test  in  accordance 
.  with  MlD-E-’iOsJfhB  and  satisjac  t«rv  <  omptetion  «.»i  a  component  qualification 
test  as  specired  m  paragraph  I !  *■  <  -.mpi>m*nt  qualification  test  pro- 

cedure  shall  Le.approced  .r.  -sritmg  by  PV*  A  before  initiation  of  the  tests 
:  -  The  vendor  shall  be  required  t-.  njclude.  as  i  part  of  his  normal  development 
program,  a  series  of  afobrec  iaten  test..  determau'  the  extent  of  compliance 
with  these  requirements  prior  to  starting  the  othcial  component  qualification 
'  test.  ; 

'1.3.  1.  1  Ropoi-s  -  Reports  of  the  fuel  contrc  i  qualification  tests 
under  this  spcciricaHon  sl.tlll  l>c  atl<jste<i  to  bv  an  appropriate  government 
representative  and  shall  include  at  least  the  items  mentioned  in  MIL-E- 
;  5009B,  Paragraph  i.2.  1  f-velv.-  copies  of  this  ron(,rt  shall  be  supplied 
.  ;  16  the  Engineering  Departmc  ..  of  Pratt  b-  Whitney  A  rcraft  for  transr  uttal 
;  to  the  government.  . 
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;P;C  j-  -:  4,2.  1.2  Shipment  of  Production  Units  Prior  to  Approval  -  In  the 

eyentrthat  production  units  are  shipped  prh..  to  satisfactory  completion  of 

-  Lthe  appropriate  qualification  testing,  the  vendor  shall  be  responsible  for 

' :  retrofitting  these**units  with  all  engineering  changes  required  to  duplicate 
i  Hthe  unit  which  satisfactorily  completes  the  appropriate  qualification  test, 

-  exc'ept  those  changes  which  in  the  opinion  of  the  cognizant  PWA  project 

;  engineer  were  not  required  to  pass  the  appropriate  qualification  test-  These 
~  exceptions  arc  to  be  designated  by  the  PWA  project  engineer's  written 
■  approval. 

The  acceptance  of  limited  quantities  of  production  units  may  not 
be  contingent  upon  completion  of  the  appropriate  qualification  tests  as 
■-specified  in  paragraph  4.2.  1. 

4.2.2  Acceptance  Test  -  Prior  to  delivery,  each  fuel  control 
procured  under  this  specification  shall  be  subjected  to  an  acceptance  test 
as  sp  ified  in  section  5.  3. 


i 
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4.  i  Design  Requirements 

4,3.  1  Power  Lever  -  The  control  -terns  described  by  this 
specification  are  to  be  constructed  as  a  single  unit.  A  single  power  lever 
shall  be  provided  for  the  purpose  of  operating  il  .ighoui  the  range  from 
maximum  engine  thrust  through  idle  to  full  reverse  *'  ust.  A  functional 
representation  of  power  lever  operation  is  shown  on  figure  1.  The  gas 
generator  power  setting  shall  be  determined  by  the  position  of  the  power  lever 
As  the  power  lever  is  advanced  to  initiate  augmentation  the  gas  generator  is 
reset  to  the  cruise  power  level  and  fluring  the  modulation  range  of  augmenta¬ 
tion,  the  gas  generator  power  level  is  maintained  constant.  As  the  power  leve 
i£  advanced  to  maximum  augmentation,  the  gas  generator  reset  to  tire 
maximum  poster  level. 

The  regime  of  gas  generator  controlled  variables  with  PI. A  shall 
be  as  specified  on  figure  2.  The  regime  of  duct  controlled  variables  with 
PL  A  shall  be  as  specified  on  figures  >  and  10. 


Power  lever  torque  shall  not  exceed  10  inch-pounds  throughout 
the  entire  operating  range  from  engine  off  to  maximum  thrust  position.  If 
this  requires  a  power  boost  servo,  failure  of  the  servo  should  not  result  in 
more  than  25  inch-pounds  torque.  The  power  lever  shall  not  move  when 
placed  in  the  operating  range  with  the  engine  running  unless  external  torque 
is  applied.  Movement  of  the  power  lever  throughout  the  operating  range 
shall  be  free  of  abrupt  changes  in  actuating  torque,  and  maximum  per¬ 
missible  variation  shall  not  exceed  5 .  0  inch-pounds. 
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Means  for  adjusting  the  angular  position  of  the  power  lever  with 
respect  to  the  shaft  in  increments  of  no  more  than  one  (1)  degree  shall  be 
provided. 

4  ? .  2  Shut-Off  Leer  -  The  shut -off  lever  shall  periorm  the 
following  functions  (Figure  iZ)\ 

1)  Operate  a  fuel  shut  off  valve 

l)  Provide  for  recirculation  of  the  pump  outlet  flow 
when  tiit*  lover  is  in  the  off  position  and  the  engine 
w  i ndin ill  ing . 


; )  Pi  ov  u.e  ci  p  >.-  :t i 


nii’.MT**  u 


i  ovv  rv  >e 


Prov  k*<* 


i>o-  it  i  >n  ; 


ue  *v  u.cmihing  urake. 


4.  3.1.  l  Shut-off  lever  torque  shall  n  >t  -'xceed  10  irch  pounds 
throughout  th.e  entire  operating  ranee  between  irinirmirn  lever  position  and 
maximum  iev'er  position-  The  shut -off  lever  shall  not  move  when  placed 
in  the  operating  range  v\  th  the  engine  running  unless  external  torque  is 
applied.  "d  shall  not  •:  ove  w  *  on  piacei  ir.  :he  fuel  shut  off  position  Move¬ 
ment  oi  tin  -hut-olf  levev  thr  •eg]..>u:  the  engine  operating  range  shall  be 
free  of  abru  t  cham.es  :n  actuating  :  >roue.  and  maximum  permissible  vari¬ 
ation  shall  n  e-rcee  !  *3.0  me!  ;>nn.  is. 

Means  for  adjusting  ti  e  angular  position  of  the  shut-off  lever  with 
respect  to  the  shaft,  in  increments  of  no  rm.re  tha>-  'me  (  I)  degree,  shall  be 
provided. 

4.  3.  3  External  I. ever  Stops  -  1  he  control  si. all  incorporate 
stops  which  are  capable  of  withstanding  a  '•t.i’ic  torque  of  300  in-lbs.  . 
without  damage  or  o^fern  atio*.  >n  M!  •  xter*ial  'overs. 

•1.3.4  Fuel  Shut- ( ' f!  V  ,lus 

4.  3.4.  1  Main  Fuol  V.t.t,  r  -  The  main  fuel  meter  shall  incorporate 
a  fuel  shut-off  valve,  operated  as  a  ‘unction  of  shut-off  lever  angle,  which 
will  stop  the  fuel  flow  from  the  contr>l  discharge.  Consideration  shall  be 
given  to  the  incorporation  of  a  mechmdcal  shut-off  valve  to  act  as  back  up 
for  the  servo-operation  valve.  Provision  shall  be  made  to  recirculate  the 
pump  output  flow  to  the  pump  interstage  when  the  shut-off  lever  is  in  the 
closed  position  and  the  engine  is  windi  nlliug.  With  a  pump  output  of  :--Jbs 
per  hour  of  the  fuels  specified  in  pare  graph  :  .  the  control  inlet  oressure 
shall  not  be  mor^  than  ’i:>  psi  ab  >\ «  pump  mtorstage  pressure  during  the 
windmilling  condition.  With  the  shut-off  lever  in  the  off  position,  and  a 
pressure  drop  of  SO  psi  across  the  shut-off  valve,  leakage  from  the  control 
outlet  port  shall  not  exceed  0.*3  cc  per  minute. 
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'  4.  3.  10  Mockup  -  A  mockup  of  the  control  must  be  prepared  and 

,  submitted  to  PWA  for  coordination  of  installation. requirements.  The  mockup 
•;  shall  be  maintained  such  that  it  will  accurately  define  the  control  outline, 

-mounting  face  and  all  engine  connections.  Prior  to  making  any  changes  affect¬ 
ing  the  installation  or  envelope  a  mockup  must  be  prepared  or  the  mockup 
revised  and  submitted  to  PWA  for  coordination  of  installation  requirements. 
Changes  shall  be  the  subject-of  separate  negotiation. 

4.  3.  1  1  Installation  Connections  -  Where  internal  straight  screw 
threads  are  provided  on  the  fuel  control  for  the  attachment  of  aircraft  or 
engine  fittings,  the  bosses  shall  be  in  accordance  with  Drawing  *  and 
sufficient  clearance  shall  be  provided  for  installing  hose  nipples  or  flared 
tube  fittings. 

#Tu  be  supplied. 

4.3.  11.  1  Water  and  Vapor  Vent  Connections  -  Provisions  shall 
be  made  to  incorporate  a  vapor  vent  connection  at  a  location  in  the  control 
body  which  will  insure  the  purging  of  trapped  air.  Provisions  shall  also  be 
made  to  permit  drainage  of  water  from  the  control  body  and  from  each  air 
pressure  sensing  bellows  chamber. 

4.  3.  12  Pressure  Taps  and  Ports  -  Pressure  taps  shall  be  pro¬ 
vided  and  identified  at  the  following  points: 

(1)  Main  fuel  meter  inlet  upstream  of  filter 

(2)  Main  fuel  meter  inlet  downstream  of  filter 

(3)  Main  fuel  meter  discharge 

(4)  Main  fuel  metering  valve  upstream 

'  (5)  Main  fuel  metering'  valve  downstream 

(6)  Duct  heater  meter  inlet 

(7)  Duct  heater  meter  discharge  at  each  zone 

(8)  Duct  heater  metering  valve  upstream  at  each  zone 

(9)  Duct  heater  metering  valve  downstream  at  each  zone 

(10)  Control  body  pressure 

(11)  Each  servo  pressure 

(12)  Exhaust  nozzle  open  signal 

"  (13)  Exhaust  nozzle  close  signal 

(14)  A  port  shall  be  provided  to  supply  the 

augmentation  ignition  arming  signal.  This 
signal  will  be  servo  pressure  to  the  igniter 
during  augmentation  and  body  pressure  during 
non -augmentation. 

(.15)  A  port  shall  be  provided  for  duct  heater  meter  cooling 
flow  discharge 

A  port  shall  be  provided  for  the  minimum  tuel  flow  reset 
-  signal 


-  Up  ,  ■  4.  3.  1  3  Control  Weight.  -  The  weight  of  the  complete 

*  J-J:\  ij'  i^tontrpl  shall  not  exceed  110  pounds. 
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r- ;  A  -%,'  3-  14  Accessibility  -  Alf;  bafts  of  the  control  requiring  routine 

i:  service  checking ,  adjustment  or  replacement  while  on  engine  shall  be  made 
-*  Fx.eadily  accessible.  This  will  include  maximum  and  idle  speed  adjustments,. 

;  =  :fuel  density  adjustment,  fuel  screens  and  filters.  It  will  also  include  pro- 
< ;  Visions  for  trimming  the  slope  'of  the  augmentation  Wf/Pfc,  versus  power 
1  '-lever  schedule  with  a  sitigle  adjustment,  and  for  trimming  the  desired  fan 
•  *., total  to  static  pressure  ratio  schedule.  Maximum  and  idle  speed  adjust- 
meats  shall  be  designed  for  use  with  a  remote  trimmer.  All  control  bench 
adjustments  (including  pivot  hole  changes)  shall  be  readily  accessible  either 
externally  or  through  the  removal  of  an  access  cover  and  shaii  not  require 
the  use  of  special  fixtures.  It  would  be  desirable  to  have  all  the  bench  ad¬ 
justments  accessible  by  the  removal  of  only  one^gover.  If  a  cover  is  used 
'  it  shall  be  required  that  the  removal  or  installation  of  it  will  not  disturb  any 
control  adjustment  and  will  not  necessitate  the  removal  of  any  control  sub- 
assembly. 

■4.  3.  15  Interchangeability  -  The  control  shall  he  designed  so  that 
-  it  can  be  removed  from  the  engine  without  removing  the  compressor  inlet 
temperature  sensing  device  from  the  engine.  The  temperature  system  shall 
be  designed  such  that  replacement  controls  can  he  installed  on  the  engine  and 
can  employ  the  already  installed  temperature  sensing  device  without  adversely 
affecting  control  performance.  The  main  fuel  metering  valve  and  the  duct 
heater  metering  valves  must  also  be  replaceable  without  removing  the  control 
from  the  engine  and  without  adversely  affecting  control  performance.  In 
addition,  this  same  criteria  should  be  used  in  the  design  of  the  control  for 
,  the  turbine  driven  pump  and  the  design  of  the  pilot  valves  for  the  exhaust  noz-  j 
’  .'ate  actuators  and  the  starting  bleeds.  I 


j  .  ?  d=,  3.  16  Fuel  -  The  control  shall  be  designed  for  use  with  fuels 

*  conforming  to  *  . 

S  - 

4.3.  '6.  1  Fuel  Density  Change  ■  The  control  shall  incorporate 
:  means  to  compensate  for  fuel  density  change  due  to  fuel  temperature  change. 
The  control  shall  also  incorporate  means  to  compensate  for  fuel  density 
change  due  to  a  change  in  fuel  by  the  use  of  a  calibrated  external  adjustment. 


vvT  . 

*  ,* 


B!'  V* ... 


4.  3.  16.2  Fuel  Contamination  -  The  control  shall  operate  sat¬ 
isfactorily  when  using  contaminated  fuel  to  the  extent  of  8Q  grams  of  foreign 
matter  per  1000  gallons. 

Satisfactory  operation  on  contaminated  fuel  shall  mean  that  the 
contaminated  fuel  will  not  in  itself  precipitate  a  sudden  control  failure  but 
may  cause  gradual  deterioration  of  control  performance  and  abnormal  wear 
of  control  parts.  Tine  body  pressure  return  connection  at  the  control  shall 
contain  means  to  prevent  back  wash  of  contaminated  fuel  in*o  the  control 
servos  if  the  discharge  side  of  the  servos  are  not  protected  '>y  screens-  This 
TorJ-Ign  material  shall  be  considered  to  consist  of  not  less  than  68  percent 
iSiOg  and  shall  have  a  particle-size  analysis  as  follows: 

:  . .  .  _  rTo.  be  supplied. _ - 
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Through  a  200-mesh:; 


Percent  of  Total 

l  -  39;*  2  by  weight 
;  !  8  *  3  by  weight  i 

1 6  ~  3  by  \yeight- 
48;  3  by  weight 

r  '  9~  3  by  weight 
i«en  100  b„y  weight'  . 
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Fuq|!  Filtration  -  A  suitable  iniet  filter  Cov  both  main 
"  4>  '"|(t.4nd  duct  fuel  meters  must  be  provided  which  will  retain  contamination  of 

\  the  size  that  would  otherwise  cause  control  malfunctioning.  The  filler  shall 
j,  b o  of  the  bypass  type  and  must  be  readily  accessible-  Cor  inspection  .and 
;  ole  airing:.  The  following  additional  items  shall  also  be  made  part  oFthe  filter 


Th.e  bypass  system  must  prevent  entrance. of  the  accumu¬ 
lated  contaminant  into  t ire  control  during  bypassing  con¬ 
ditions.  —  —  ,  ^ 

i 

The  fit  >f  the  various  parts  of  the  filter  as  well  a.s  the  fit 
of  the  filter  in  the  housing -must "be  compatible  with  the 
degree  of  filtration  desired. 

ip!  A  means  shailjbe  provided  to  prevent  incorrect  ins  tail  a - 
-tidmo f  the- filter  elements.' 

(d)  The  filter  shall  be  designed  to  prevent  accumulated  dirt 
from  being  left  in  the  control  when  the  filter  is  removed. 

(;e:)  -i’liTTihcr  cover  shall  be  identified  by  r a  is e dTetteis  or 
colors  to  avoid  removal  of  the  wrong- cover.  - 

Practical  means  of  removing. -in^peclablre  til tprs  shall 
be  considered  to  eliminate  the  need  of  special  tools. 

jjF. .  ....  Ail  filters  and  screens  shall  be  designed  to  pass  fuel  of  the 

spa otfle cl conta m  i  nat  h  e i  at  the  maximum  rate  for  at  least  20  hours  without 


s 


r’ 
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j>«fTT*  ft-  WHiperr  igfefi&r 


' FarUci c-  Siz,e  Mic  rons 


Percent  of  Total 


M-SPSrOI9^D,:'?: 


0*  3 
5-10  _ 

10-2:0  '-  - 
20-40 
over  40 


39  ±  2  by  weight. 
IS 'sfc  3  by  weight 
16  ±  3  by  weight 
18  ±  3  by  weight 
0  ±  3  by  weight 


Through  a  200-mesh  screen  100  by  weight 

4.  3.  16.  3  Fuel  Filtration  -  A  suitable  inlet  filter  for  both  main 
and  duct  fuel  meters  must  be  provided  which  will  retain  contamination  of 
the  size  that  would  otherwise  cause  control  malfunctioning.  The  filter  shall 
be  of  the  bypass  type  and  must  be  readily  accessible  for  inspection  and 
cleaning.  'P'j  following  additional  items  shall  also  be  made  part  of  the  filter 
design. 

fa)  The  bypass  system  must  prevent  entrance  of  the  accumu¬ 
late'!  contaminant  into  the  control  during  bypassing  con¬ 
ditions  . 

* 

(bj  The  fit  *  .  the  various  parts  of  the  filter  as  well  as  the  fit 
of  the  filter  m  the  housing  must  be  compatible  with  the 
degree  of  filtration  desired. 

(c)  A  means  shall  be  provided  to  prevent  incorrect  installa¬ 
tion  of  the  filter  elements- 

(d)  The  filter  shall  be  designed  tt  prevent  accumulated  dirt 
from  being  left  in  the  control  when  the  filter  is  removed. 

(e)  The  filter  cover  shall  be  identified  by  raised  letters  or 
colors  to  avoid  removal  of  the  wrong  cover. 


{£)  Practical  means  of  removing  inspectablr  filters  shall 
be  considered  Jo  eliminate  the  need  of  special  tools- 

All  filters  and  screens  shall  be  designed  to  pass  fuel  of  the 
specified  contamination  at  the  maximum  rate  for  a‘  least  20 -hours  without 
requiring  cleaning.  - 

4.  3.  17  Leakage  -  Fuel  leakage  to  tie*  overboard  drain  connection 
(if  such  is  reqinred)  shall  not  exceed  1/2  cc  per  mkate  under  anv  operating 
condition,.  Mo  other  fuel  leakage  is  permissible.  " 


-L-14 

'P7T'  ~\  ^;;'_;:’:_.C: -'  ': 


-  S^J  /-  . '-'y<>><  '  —  -,:-"'' 


-  is  '-  -..  .  •-  ^ : 

n:  -  •;',  •■-*{»* rr->.'iW Hi r Kiv.'a inc« Art  . 

l\  :.  _-..F:  .-  '  -  •  -  ,-  .  VT  '■-"  -, 

< '  S-'  =  '  -•••  4-  3s 'lfit-~'Fuei'-3r^suSre j 


4WA--Rj3i«t9-D 


4#^ :  ^  V  ‘ 


r  ^  •>  \T.  C-T .  N  v*X  -,*-\' 
v- .  N.  x-'  s'-'-tcsS  -x* 

jjj^S  '  J.>  ’ 


4‘.  3.  1 8.  i  Static  Pr es s uyes  -  The  control  shall  rnejter  to  the 
■speciiirpd  Herein  with  pump  interstate  pressure  from  0  to  400 


pressures 


.v  iVi;>  '  •  -'^%«3.  18>2  Transient  Pressures  -  All  parts  of  the  control  shall 

-  pbe  desijgtfdd-to  withstand  a  .possible  interstage  pressure  surge  up-  to  400 
i;  f :psig .  All  parts  shall  be  capable  of  withstanding  a  metered  fuel  pressure 
■  '  -  T  iysur.ge  of  5'0C  psi  above  the  normal  maximum  working  pressure. 


Is, 


C.  4.3.  18,  3  Maximum  Pressures  -  The  maximum  normal  working 

p.  .pressure  will  be  800  psig  for  the  main  fuel  meter  section,  1400  psig  for  the 
. ;;  duct  healer  meter  sections  and  1700  psis  for  the  exhaust  nozzle  control  sec- 
•  Fti'oh:.  The  control  shall  b*:  capable  of  withstanding  without  fracture  >r  per- 
r;  ,  j  manent  deformation,  the  following  pressures  acting  singly  or  in  conjunction: 


Main  Fuel  Meter  Discharge  Pressure 


0-2 100  psig 


Duct  Heater  Meter  Discharge  Pressure 


0-2 100  psig 


Return  Pressure* 


Exhaust  Nozzle  Control  Section 


0^-400  psig  _  x 
0-3000  psig 


Tests  to  demonstrate  this  requirement  shall  be  s  ibj-~  •  to  approval 
:  by  PWA,  and  shall  be  repeat*  I  when  changes  or  process  modify  ations  are 
s  .  incorporated  which,  in  the  opinion  of  P&VVA.  might  adversely  affect  control 
i  strength.  Burst  pressure  l.xts  must  be  performed  on  a  development  unit 
to  destruction. 


4.  3.  18.4  Fuel  P  -essure  Prop  -  The  fuel  pressure  drop  from 
■  main  fuel  meter  inlet  to  main  fuel  meter  discharge  shall  not  exceed  100  psi 
>when  metered,  flow  is  28500  ibs/hr  of  *  fuel.  The  pcess  ire  Joss  across 

.  the  •*  ct  heater  meter  from  fuel  inlet  to  fuel  outlet  for  each  zone  shall  not 
'  exceed  120  psi  when  the  fuel  flow  for  each  zone  is  the  following: 

-l;.-.  ’  Zone  I  -  41.000  Ibs/hr. 

i  :  Zone  II  -  45,  000  lbs/hr. 


*To  be  supplied. 
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i  _  *1.  3.  18.5  With  the  exhaust  nozzle  in  full  transient,  the  control 

valve  .must,  ha  mile  50  gpro  with 'a  pres^..-"  lo«s  not  to  exceed  25G  psi  with 
supply  pressure  1500  psi  above  drain  pressure.  The  drain  pressure  will 
be  a  minimum  of  d  psig  and  a  maximum  of  400  psig.  With  the  pilot  valve 
in  the  null  position  cooling  flow  of  3  8  gptn  will  he  supplied  to  the  nozzle 
actuators  and  the  pilot  valve  leakage  to  drain  pressure  shall  not  exceed 
1.3  gpm 

4.  3.  lb  Reliability  Analysis  -  The  vendor  shall  provide  three 
copies  of  ?  reliability  analysi0  of  the  control  based  upon  a  single  failure  con¬ 
cept.  Th.s  analysis  shall  bo  submitted  to  PS.  W A  for  review  prior  to  approval 
of  fhe  design  for  manufacture  of  experimental  units. 

I 

4.  3.-10  Environmental  Requirements  -  The  electiical  section  (if 
any)  of  the  control  shall  be  exp!u*:.*n  proof  and  fireproof  to  U  e  extent  that  it 
will  not  support  combustion. 

•1.  3.2  1  Control  !?■  v  pa s s  Requirements  -  All  servo  leakage  return 
flow  must  pass  to  the  fuel  pump  interstage  and  shall  not  exceed  1300  pph  at  the 
engine  starting  condition.  The  main  fuel  meter  shall  be  capable  of  scheduling 
to  the  desired  accuracy  with  the  fuel  pump  output  up  to  36000  pph  in  excess 
of  the  engine  requirements  and  with  a  minimum  pressure  drop  of  138  psi 
.  across  the  bypass  valve  ports.  1’he  main  fuel  meter  shall  also  provide  suit- 
.  able  metering  ebaracteris.  ics  and  be  capable  of  metering  to  the  desired 
'  accuracy  with  control  bypass  flow  as  low  as  200  pph  at  any  metered  flow 
level.  ' 

4.  3.22  Independent  Concept  -  The  unitized  control  system  requires 
that  any  failure  of  the  duct  heater  control  system  or  exhaust  nozzle  control 
system  must  not  affect  operation  of  the  main  fuel  control  system. 

4.4  Performance  and  Operational  Requirements 

4.4  1  Main  Fuel  Meter  Section 

4.4.  1.  1  Speed  Control  -  The  engine  rotor  equilibrium  speed 
shall  be  controlled  -tom  full  reverse  thr  -ugh  idle  to  n  aximum  engine  power 
through  a  speed  sensitive  pern  anent  (Irmy  mechanical  governor  varying 
fuel  flow  per  unit  borne  ’  pressure  be  two  n  those  limits  described  in  para¬ 
graphs  4. 4.  1 .  10  and  4  4  i  11. 

4.4.  1.2  fhe  specific  value  of  engine  rotor  speed  (N2)  desired 
-  arid  the  corresponding  required  value  of  hud  flow  per  psia  burner  pressure 
{.Wf/P.B)  at  9ny  spec  ific  power  lever  angle  with- constant  correct-.  1  engine 
iqlel  conditions  of  0^,1  and:  £  -  1  are  shown  on  Figure  2.  The  bias  of 

’  engine  rotor  steady  state  speed  ( N^l  for  any  engine  inlet  condition  { ©t 2  and 
$.tz)  is; 'shown  on  1st.. .res  4  and  5  for  the  maximum  rated  power  and  the 
•  cruise  povver  respectively. 
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4.4.  !.  j  The  value;  'if  Wf/Prj  miin-ained  by  the  control  shall 
conform  t<  the  specified  values  within  •in.’"'  . 

•1.4.  1  •  *1  The  basic  sh  pe  -  *  f  tic  i  ovr*rn«Vr  droop  lines  at  the  maxi¬ 
mum  rated  power  lever  position  and  W r,  !  ;j  shall  he  - .  075  lbs fHr/ps la/rptn 
N2>  The  slope  shall  he  maintained  within  2,5°'  and  shall  he  adjustable  over 
a  range  of  J704’li  to  -50^>. 

4.-1.  1.5  The  slope  of  the  governor  droop  line  at  idle  power  le\er 
position  shall  be  a  minimum  of  -.075  li>/hr  /  psia/rpm  N2 . 

4  4.  1.6  A  range  of  adjustment  of  the  position  of  the  governor 
droop  line  shall  he  provided  to  allow  1  5*4,  engine  rpm  about  the  nominal 
idlh  speed  setting  of  4880  RPN’  (N?)  .*nd  to  allow  ± 5<T«  engine  rpm  ahou‘  the 
nominal  maximum  rated  engine  rpm  <>f  8275  RP.V  (NS) 

4.4.  1.7  Under  no  condit-on  shall  the  luel  control  governor  per¬ 
mit  the  engine  to  overshoot  more  t>o;n  5<4.  ..f  the  seine  <nl  equilibrium  speed 
change  following  an  increase  in  pow>  r  le\er  position  u  -r  shall  engine  speed 
be  allowed  to  exceed  1 0 1  "7  of  the  maximum  rated  speed. 

4.4.  1.8  Under  no  condition  shall  the  fuel  control  governor  per¬ 
mit  the  engine  to  undershoot  more  than  10'1>  of  the  selected  equilibrium  speed 
change  following  a  decrease  in  power  lever  position. 

4.4.  1.9  Speed  Failure  Protect  ion  -  in  the  event  tha!  failures  pre¬ 
vent  the  control  from  sensing  engine  rotor  speed  the  main  An*!  meter 

shall  schedule  by  means  of  positive  forces  within  the  control  the  values 
shown  at  zero  rpm  (N^)  on  figure  1'L 

4.4.  1.  10  Acceleration  Fuel  Flow  Limitatiur  -  I. imitation  of 

fugi  flow  metered  by  the  control  during  an  acceleration  shall  he  accomplished 
by  scheduling  fuel  flow  per  unit  burner  pressure  (Wc/Pg)  as  a  function  . 
engine  rotor  speed  (N2),  biased  bv  engine  inlet  temperature  (Tt2).  to  match 
engine  operating  requirements  as  shown  on  figure  20. 

4.4.  1  10.  1  The  operating  range  of  l lie  scheduling  variables  shall 
be  as  follow st 

500  to  '*000  rpm 
TT2  -60  "F  to  770  ^  F 

Pg  5-C  to  250  p»ia 


2.5  to  44.0  psia 
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4’.  4.  1.  10,2  Accuracy  of  acccleratio^-fuel  flow  limitation  shall 
foe  held  within  +0,  -4%. 

4.4.1.10,3  The  relationship  betwfeesV  acceleration,  fuel  flow  anil 
:  the  scheduling  variables.  N2.  Pb  and  Ty 2  shall  be  readily  modified  kv  ad' 
justmpnt  or  by  replacement  of  not  more  than  two  parts  without  impairment 
of  any  other  control  function. 

4.4.  1.  1  I  Minimum  Fuel  Flow  Limitation  -  Limitation  of  the 
minimum  fuel  flow  metered  b.y  the  control  during  deceleration  or  steady 
state  shall  be  accomplished  by  scheduling  from  burner  pressure  (Pb)  as 
shown  on  Figure  2L 

V 

4.4.  1-  )  1.  1  Minimum  fuel  flow  shall  he  e/i'ectivc  from  an  N2 
of  500  rpm  to  an  N2  of  9000  rpm  under  all  operational  conditions. 

4.4.  1.11.2  Accuracy  of  minimum  fuel  flow  limitations  shall 
be  maintained  within  ±4%. 

4.4.  1.  11  3  The  flat  portion  of  the  minimum  flow  curve  shall  be 
adjustable  over  a  range  of  100  to  650  pounds  per  hour. 

-\  4.4.  1.  12  Minimum  Fuel  Flow  Reset  -  There  shall  be  a  provision 

.Mo  resets  minimum  fuel  flow  to  25%  of  the  valuestatcd  in  paragraph  4. 4.  1.  11.  3. 
h elect ioa\of  minimum  fuel  flow  reset  will  be  dependent  on  three  factors: 

■  lf\v  High  Rotor  Speed  must  be  above  50%  N2. 

• .  '  2)  The  fuel  flow  shut  off  le\er  must  be  in  the  minimum  fuel 

v  flow  reset  position-. 

3.)  The  power  lever  must  be  in  the  idle  position 

_ ;  If  anyone  of  these  factors  is  not  present  the  minimum  fuel  flow 

j  will  remain  at  the  value  stated  in  paragraph  4.4.  1.  11.  3. 


When  minimum  fuel  flow  reset  is  actuated  the  control  must  send 
■  a  hydraulic  signal  to  an  external  port. 

V  ’  4.  4.  1.  13  Approach  Speed  Reset.  -  Provisions  shall  be  made  to 

'-incorporate  an  approach  speed  reset  on  engine  set  speed.  {Reference 
: -1.  4  l.  2).  The  input  shall  be  b\  an  external  lever  with  a  total  travel  of 
V\±  40  degrees.  The  range  ut  reset  shall  be  as  shown  on  Figure  3. 
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4.4.2  Puct  -Heater  Fuel  Metering  Section 


4.4.2.  1  ,  The  control  shall  schedule  fuel  flow  per  unit  burner 

;  pressure  independently  to  each  burning  zone  as  a  function  of  power  lever 
aihgie  during  steady  state  as  shown  on  figure  6.  - 

4.4.2. Z  The  fuel  flow*  per  unit  burner  pressure  (Wj/Pj^)  schedule 
for  zo IK  f  at  8  1  degrees  PLA  shall  be  biased  by  engine  inlet  conditions. 

©T2  and  <5T2*  as  shown  on  figure  7.  The  Wf/P.g  schedule  for  zone  I  at 
102.5  degrees  PLA  shall  be  biased  as  shown  on  figure  S.  The  AVf/Pg  sched¬ 
ule  for  zone  II  shall  be  biased  as  shown  on  figure  9- 

t 

4.4.2.  3  There  shall  be  an  adjustable  minimum  fuel  flow  stop 
provided  fur  each  zone'.  The  nominal  minimum  fuel  flow  for  /'.one  I  and 
Zone  II  is  stated  on  figure-6. 

J  *\  I 

j  '  1 

4. 4.  2.  4  The  operational  range  of  the  scheduling  variables 
shall  be  as  follows: 

PLA  'iSl0  to  128’ 

t  * 

■> 

T  T T2  ~60°F  to  t77  0®F 

.  '•  \ 

;  -  :  =*  Pb  -vif  to  25  0  -ps  i  a 

^  *?  V 

-  .  Pt2  2  . 5  t<o  44  psia 

i  4.  4.2.  5  The  control  shall  schedule  fuel  flow'  within  ±  2 .  0°t.  of  the 

defined  fuel  .flow  schedule. 

4.  4.  2. 6  Non  Duct  Heating  Cooling  Fiow  -  During  the  non  duct 
heating'  mode  of  operation  the  control  must  allow  fuel  to  How  from  the  uin  t 
:  fuel  turbo-pump  Uirough  .he  duct  heater  meter  and  discharge  to  a  port 
for  external  transfer  to  the  main  fuel  pump  inlet.  This  cooling  fuel  shall 
..flow  at  the  rate  of  1000  to  1500  pph  and  discharge  into  pressures  of  from 
■  P  to' 50  psig. 


4.  4.  3  Exhaust  Nozzle  Control  Section 


;  4.  4L  3.  1  The  desired  value  of  charge  total  pressure 

..minus  Tan  discharge  static  pressure  divided  tiy  fan  discharge  static  pres  - 
surds  (Pi'3 -Ps3)/4*>S3j  shall  be  scheduled: as  a  function  of  fan  inlet  total 


2 temperature  (7'T2 }  and  engine  rotor  speed  (N2)  as  shown  un  figure  14  for 
Operation  below  cruising  mach  numbers.  The -schedule  of  (P-j^ -Pg  j); P53 
:  for  operation. during  .cruising  mach  number  shall  be  scheduled  as  a  function 
of  fan  inlet- total  temperature  (T-g^.)*  engine  rotor  speed  and  flight  mach 
.ruimber  as  shown  on  figure,;! 5.  The  threshold  for  employing  figure  15  shall 
;d5e  ^  -  '  . 


r'rt^r-_'^vr..r  >, 


;v;^-.  - r  v\ 


rflATf  l  WHITNIY  AlRGAAr? 


PWA-  BPS-8 1  9D 


.  v/*‘4’3‘?'  The  prescheduled  duct  area  control  parameter  (PT3  - 

*  S3)/(pS3^  wiir  he  n  aintairied  by  sensing  the  actual  value  of  (P'ra-Pci)/ 

1  SZ)  3nd  US,in^  thc  ;rro"  thrcmgh  a  proportional  plus  integral  gain  system 
o  vary,  with  umited  antnority,  the  nozzle  area  about  the  nominal  value  set 
by  r he  PI. A, 

.  4*  5-  3-  3  Provisions  shail  be  made  to  reset  ( P  r?- Ps3)/  PS3  as  a 

fc.f.Co..  „f  a„  e 'eternal  .ever  posf.o,,.  1  signa,  XlrSu^r  will 

b<-  supplied  by  .he  airframe.  The  amounl  of  rose,  will  be  .  Oi  psi/psi 

4.4.  3.4  The  exhaust  nozzle  area  shall  be  nominally  scheduled 
as  a  function  of  PLA  as  shown  in  figure  10  for  constant  engine  inlet  condition 
of  0T2  =  1.0  and  i  T2  *1.0.  Figure  11  12,  and  13  are  resultant  curves. 

They  show,  respectively,  how  the  exi  aust  nozzle  area  will  vary  with  0t2 
*ntiST2  duri»g  specific  conditions  of  non-durt  heating,  max -augmentation. 

f^.m:r^",en,atU,n  Whcn  the  Prescheduled  duct  area  control  parameter. 

~  1  3-Pq-,)/(Ps3).  is  maintained 


5  H.  •  opy'-a.’ ior-.;  >  range  of  scheduling  parameters  shall 


2.  5  to  60  ps u 


2.5  tc»  44  psia 
-60  °  F  to  770°F 


81  °  to  128' 


Pti*  p-^ 

P<5  5 


500  to  9000  rp.n 


.03  to  .  I2  ps; 


i",.  ^-P^3  .  36  to  6.  1  psi 


1.7  to  V  2 


4.4.  3.  5.  •  she  Mach  numbei  signal  will  be  supplied  by  the 
■aif-frame  to  a  lever  on  'he  control  housing 

4.4.  3.6  The  desired  value  of  steady  state  ( Pt3-Ps3)/( Pg^} 

shall  be  maintained  wj  hjh  *4  0%  for  all  flight  conditions.  Transient  accuracy 
shall  be  maintained  within  ±2.0%  of  the  steady  state  value  including  that 
period  of  operation  when  individual  zone  fuel  manifolds  are  filling.  A  larger 
error  will  be  allowed  ai  the  ignition  and  shut  >ff  points  of  an  individual  zone. 

the  event  oi  a  failure  in  tire  exhaust  nozzle  area  feedback  system  the  con¬ 
trol  shall  require  the  nozzle  to  open,  and  cut.  off  augmentation  fuel  flow. 
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4.4.4  Servos  and  Signal  Amplifi e r s 


-All  servos  operating  from  the  scheduling  -nriables  shall  be  criti¬ 
cally  damped  and  shall  reach  their  new  steady  state  position  in  not  more  than 
l.vQ  second  following  step  inputs  calling  for  their  full  range  of  travel  except 
the  rotor  speed  servo  which,  shall  reach  its  new  steady  state  pi  sition  in  .5 
second.  For  small  excursion  s.iep  inputs  the  servos  shall  reach  their  new 
steady  state  position  in  not  more  than  0.25  seconds-  The  output  force  of 
ail  servos  shall  be  a  minimum  of  25  pounds.  These  i  equi rements  shall  apply 
'to  all  servos  unless  otherwise  agreed  upon  in  writing  by  Pratt  £•  Whitney 
Aircraft. 


4. 4- ^  Auxiliary  Functions 


4.4.5.  1  Initiation  of  fuel  flow  to  the  duct  healer  v  ill  be  accom- 
-  plished  by  advancing  the  power  lever  to  81  to  83  degrees.  Retardation  of  the 
power  lever  below  80  to  82  degrees  shall  shut -off  the  fuel  flow  to  the  duct 
heater,  but  not  until  the  duct  exhaust  nozzle  area  has  closed  to  its  minimum 
duct  heating  value.  Initiation  can  be  accomplished  only  upon  receipt  of  the 
duct  heater  a» ruing  signal. 

4.4.  5.2  Duct  Heater  Arming  Signal  -  A  duct  heater  arming  sig  al 
will  operate  as  a  function  of  engine  rotor  corrected  speed  INg/  V  Q'TZ)  1° 
preclude  duct  heating  until  the  gas  generator  has  reached  a  minimum  Dower 
getting. 

^  >4.4. 5.3  Duct  Heater  Blowout  Protection  -  The  control  shall 

incorporate  an  override  mechanism  to  automatically  reset  the  exhaust  nozzle 
to  its  non  burning  schedule  in  the  event  of  duct  heater  blowout.  This  will 
bcPindicated  by  an  increase  of  40.0%  in  the  actual  value  of  {  Pr^-PgjJ/IPg}). 
‘Upon  removal  of  the  (PT3*P53)/(Ps3)  error  the  blowout  signal  shall  be 
removed  and  the  non-burning  schedules  to  the  duct  heater  shall  be  maintained, 
it'wiil  lie  necessary  for  the  power  lever  to  be  retarded  l  clow  80  agrees  to 
..-recycle' the  control. 


4.  4.  5.  4  Light  Off  Signal  -  At  the  selection,  of  any  augmentation 
zone,  as  indicated  by  motion  of  the  power  lever,  the  exhaust  nozzle  must 
beset  and  maintained  in  a  position  compatibL  with  the  predetermined  light- 
ing.isehedule.  This  lighting  schedule  of  (PT3-Psi)/Ps3  is  shown  as  a  function 
Iq£;N  and  0^2  cm  figure  15.  This  light  off  schedule  shall  be  selected  prior 
to-4§ach  zone  light  and  terminated  after  the  zone  has  been  lit  Termination 
of  this  schedule  will  be  indicated  by  a  5%  decrease  in  the  value  of  {P7-3- 
Pg3)/iPg3)  after  the  zone  has  been  1  i t.  = 


4.4, 5.5  Air  Induction  Control  Signal  -  The  control  shall  provide 
a  signal  to  the  air  induction  control  prior  to  the  initiation  of  each  augmentation 
zone.  Details  of  this  system  shall  be  coordinated  with  PWA  and  the  manu¬ 
facturer  of  the  inlet  control  and  the  airframe  manufacturer.  •  : 


|  4. 4.  5.  6  Compressor  Bleed  Valve  Control  -.The  Control  sys¬ 

tem  is-to  provide  a  scheduled  operation  of  the  compressor  bleed  valves  as 
}  a  function  of  N?/  '/Q'F2  35  shown  ah  figure  *  .  Tlic  bleed  valve  actuator 
•  Operates  on  1500  psig  supply  pressure  above  drain  pressure  f or  operation. 
:  The  drain  Is  0-400  psig.  The  control  merhanisih  to  provide  the  high 
pressure  supply  shall  not  exceed  a  pressure  drop  of  100  psig  with  an 
i  actuator  flow  of  1000  Lbs/hr,  during  bleeds  open  or  bleeds  closed  opera¬ 
tion.  ;  . 


4.4. 5.7  Duct  Fuel  Turbopump  Control 


Die  duct  fuel  turbopump  control  is  required  to  *ary  the 
turbo  pump  air  throttle  vahe  to  maintain  a  coarse  metering  head  for 
•tbe  uuxt  heater  meter. 


4.  4.  5.8  Duct  Heater  Thermostatic  Valve  Signal  -  The  the-mo  • 
Static.-  valve  is  to  allow  the  duct  heater  meter  to  receive  high  temperature 
'jfiipf 'froni  the  main  fuel  meter  bypass  system.  A  high  pressure  signal 
shalP be  provided  to  open  the  valve  when  augmentation  fuel  flow  is  greater 
thah^r  equal  to  6000  x  500  Ibs/hr. 


4.4.6  The  fuel  flows  specified  -a  all  the  precedim 


raohs  should  be  scaled  by  the  factors  64/60  and  70/60. 


lid 
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INSPECTION  AMD  TEST  PROCEDURE 


5.  1  General  -  The  fuel  control  shuil  be  subject  to  inspection,  by 

authorized  representatives  of  the  customer,  who  shall  be  given  all  reasonable 

Xaciiities  to7 determine  conformance  with  this  specification.  Unless  otherwise 

specifically  authorized,  all  tests  (except  the  engine  qualification  test)  shall~.be 

Conducted  at  the  vendor's  *plant.  -r 

* 

5.  1.  1  Accuracy  of  Data  -  All  test  apparatus  shall  be  acceptable  to 
\the  customer  at  the  vendor's  plant  and  shall  be  such  as  to  insure  that  reported 
data  shall  have  a  static  accuracy  within  2%  of  the  value  obtained  at  the  maxi¬ 
mum  value -except  fuel,  flow  shall  be  accurate  within  1%,  simulated  burner 
pressure  (P^)  shall  be  accurate  within  1/2%,  and  speed  shall  be  accurate  witb; 
in  T/4%  of-the  maximum  value.  All  instruments  and  equipment  shall-be  cali¬ 
brated  at  frequent  intervals  to  insure  that  this  degree  of  accuracy  is  maintain¬ 
ed; 

5.  1.2  Control  Position  -  During  all  tests  the  fuel  control  shall  be 
mounted  as  installed  on  the  engine  insofar  as  practicable.  The  position  of  the 
cdhtrbl  when  installed  on  the  engine  is  with  the  power  lever  shaft  horizontal 
and  to  the  right  as  the  control  is  viewed  from  the  anti -drive  end  of  the  control. 

.5.2  Qualification  Test  '  - 


512.  1  General  Inspection  -  Prior  to  the  test,  all  parts  and  assem¬ 
blies  of  the  fuel  control  shall  be  inspected  to  u^termine  conformance  to  the 
vendors  parts  list  arid=  all  requirements  of  the  contract  and  specifications  un¬ 
der  which  they  were  built.  Dimensional  measurements  of.all  details  subject  tc 
wear  shall  be  recorded  before  and  after  completion  of  the  qualification  test. 

At  no  time  during  the  test  shall  any  part  of  the  fuel  control  be  removed,  dis¬ 
assembled  or  adjusted  without  prior  approval  of  the  customer. 

5.2.2  Leakage  -  During  the  qualification  test,  there  shall; be  no 
traces  of  external  fluid  leakage  other  than  a  maximum  allowable  leakage  of  10 
drops  per  minute  frorri  the  overboard  drain  connection. 

5.2.3  Qualification  Tests  Instrumentation  -  Sufficient  instrumenta¬ 
tion,  shall  be  provided  to  indicate  that  the  performance  of  each  element  of  the 

i  control  remains  within  service  throughout  the  test.  Functional  checks 

shall  be  performed  at  the  end  of  each  test  or  group  of  tests  and  at  other  times 
at  the  option  of  the  vendor. 
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5.2.4  Fuel  Control  Calibrations  *-  Prior  to  and  upon  completion  of. 
the  fuel  control  qualification  tests,  the  control  shall  be  completely  recalibrat¬ 
ed,  The  results  of  these  calibrations  shall  demonstrate  that,  the  unit  ha ^  not 
changed  its  calibration  beyond  allowable  service  limits.  The  same  type  fluid. 
shoJi  be  used  during  both  calibrations.  ,  *  _  -  . 

5.  2.  5  Operational  Test  -  To.  be  specified  at  a  later  time. 

5.  3  Acceptance  Test  - 

5.  3.  1  General  -  Each  fuel  control  procured  under  this  specification 
shall  be  subjected  to  acceptance  tests  established  by  the  vendor  to  determine 
that  each  unit  wili  meet  the  functional  requirements  of  this  specification.  The 
test  procedures  and  limits  shall  require  prior  approval  in  writing  and  shall  be 
subject  to  change  b\  the  customer.  Each  deviation  from  the  test  schedules  anc 
limits  shall  require  approval  by  the  customer. 


5.3.2  Proof  Pressure  Test  -  Each  fuel  control  procured  under  this 
specification  shall  be  subjected  to  a  proof  pressure  test  before  delivery.  Dur¬ 
ing  the  proof  pressure  test,  external  fluid  leakn-e  (other  than  a  maximum 
allowable  leakage  of  10  drops  per  minute  irom  the  overboard  drain  connection) 
is  not  acceptable.  The  proof  pressure  test  shall  consist  of  subjecting. the  fuel 
control  the  following  conditions  while  the  control  is  in  operation  for  a  period 
of  at  least  three  minutes  at  each  condition. 


Control  Discharge 


Pressure 


Condition,  a.  1  100  psig 
Condition  b,  11 00  psig 


Body  Return 


Pressure 


183  psig 
0-5  psig 


;  .  5  5.3.3  Inspection  -  Fuel  controls  shall  be  inspected  fur  confurmanct 

with  the  vendor's  part  list  currently  released  to  production  by  initial  release 
brre.vised  by  subsequent  engineering  change.  . 


'  "  5.3.4  Data  -  The  vendor  shall  supply,  one  copy  of  the  acceptance 

sest  data  of  each  fuel  control  procured  under  this  specification.  The  accept¬ 
ance  test  data  Shall  be  delivered  to  the  customer  not  later  than  the  dale  on 
which  the  control  is  received.  -  : 
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VENDOR  RESPONSIBILITIES 


/  6.  1  Preparation  for  Storage  -  The  fuel  control  shall  bo  prepared  . 

-  ;'#>r  storage  prior  to  shipment  in  -/  manner  acceptable' to  the  customer*  * 

,  6*2  The  requirements  of  the  customer  specification  are  applicable 

>:  *  •ttj.’lb'e  fuel;  control  covered  by  this  specification  except  this  requirement  shall 
‘2  mbt  apply  to  experimental  purchase  orders. 


.A,'.  ‘  ;  -  6. 3  Prior  to  acceptance  of  the  qualification  test  on  the  control  the 

/  -"•'-x  bc  responsible  for  making;  changes  and  supplying  hardware  for 

.  A--,  -] :  cor r ecting^lkrfieie nr. ie s  found-  in  the  development  units.  If  a-  change  of  require 
,  -  -  j ,>  nie,nts  is  made,  costs  arising  from  such,  changes  will  be  subject  to  separate 

.  :  negotiations.  In  .order  to  support  the  development  units,  the  vendor  shall 

maintain or  shall  be  able  to  obtain  in  a  reasonable  time  spare  parts  for  pro__^_ 
cure  me  nt  by  the  customer. 

.  '?'■>.  ;■  &•»  4  The  vendor  shall  give  full  support  to  the  development  program 

b?  providing  an  adequate  engineering  development  effort  which  shall  include 
-  ; ;  french  development  and  endurance  tests  on  controls  to  insure  satisfactory  oper 

•  #tiori  cf  the  control  at. the  customer's  facility  both  on  the  bench  and  engine  to 
_  •  the  requirements  listed  in  this  spec  ification.  An  outline  of  the  vendor's  pro- 
V.  .  :-'=Bosed  development  program  shall  be  forwarded  to  the  customer  prior  to  the 
'  -  issuance  of  any  purchase  orders  for  units. 

^  Ihe  vendor  shall  be  responsible  tor  retrofitting  ot  aii 
— '  ■<  ;YC'^Pfi rim entai  units  with  all  engineering  changes  required  to  duplxx-ate  the 

->  dnit  which  satisfactorily  completes  the  appropriate  qualification  tests, 

'  s  ; except  those  changes  which  it.  the  opinion  the  cognisant  Pratt  k 
■  :  W.hitney  Aircraft  project  engine-,  r  were  nm  r  <  quire*!  to  pass  the  appropriate 

.  J  ,q‘ualification  tests.  These  exceptions  are  to  be  '.os'gnaleti  by  the  Pratt  & 

,,  whitnCj'  A i retail  project  er.gt.icer  s  written  approval.  Delivery  schedule  ut 
-  -■'>  ‘  r-fctrofit  parts  must  be  in  ui  corcl.tiK  e  with  cr.gii  e  development  schedule. 


vr  1  -  >  rt 

vv>  jT- 


w-  5j  -  ■*  b- n  Drawings.  -  ]  he  vendor  shall  supply  one  ri-uroduc ible  copy  of 

=  al.l  drawings  pertaining  t  ■-  the  control,  D  i  a  wings  shaft  also  be  supplied  pro- 
^  ..  lading  design  information  for  spe  c iat  tools,  fixtures.  Sittings,  a, .a  adapter*, 

/  4i  "if®  ,-i .^V--di;eh  will  be  required  during  development  testing  or  field  use. 
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3.  I  The  applicable  specifications  and  standard  listed  in  ANA 
.  .^Bulletin  No.  343n  shall  form  a  part  of  this  specification  to  the  extent 
..specified'  herein. 

'■Yv  ' 

k  X."  3-.  2  The  following  specifications  and  publications  shall  form  a  part 

oTthi^^specification  to  the  extent  specified  herein: 


'PWA  -  PS- 720 A 
PWA  PMC -9041 

REQUIREMENTS 


Vendor  Responsibilities 
Test  Fluid 


j _  4;  l  -G  eneral  Reamr-g-mont..- •  •- . .  . 

vV  ,  4.  1 .  1  Materials  and  Processes  -  Materials  and  processes  used  m 

the  manufacture-  pf  the  fuel  pumps  shall  be  of  high  quality  and  suitable  for  the 
'  ;pdrpose\  ^at^riai  Specifications  shall  conform  to  applicable  specifications 
listed  lfr-ANA  Bulletin- No.  343n.  When  vendor  specifications  are  used  for 
.materials  or  processes  -which  affect  performance  or  durability  of  the  finished 
product,  such  specifications  >hall  be  subject  to  release  to  the  government. 

JThe  use  of  non-government  specifications  shall  not  constitute  waiver  of  govern 
merit  inspection. 


4.1.  2  Dissimilar  Metals  -  The  use  cf  dissimilar  metals  in  contact 
as  defined  oh  Drawing  MS  33586A  shall  be  avoided  wherever  practicable. 

'  4.  1.3  Use  of  AMS  5610,  5620,  5621,  5630,  5631,  and  56  32 

Materials  -  The  use  of  the  subject  heat  treatable  stainless  steels  or  equivalent 
\s  prohibited  unless  agreed  upon,  in  writing  by  PWA  Engineering. 


Screw  Thread's  -  All  conventional  straight  screw  threads  ■ 
I  shall  conform  to  the  Requirements  of  MIL-S-S879  except  paragraph  3.12,  . 
^3t^ese‘ dheiude-dhreads  oh  standard  hardware  bolt s  and  nuts,  tapped  holes 
.yreceivihg  standard  items,  nuts  for  use  on  studs,  and  threads  for  non-standard 
;>par!;s  where  a  new  thread  size  is  being  incorporated  in  a  new  design  or  re? 

■  d&sigh  ancf.vdrer  e  tooling  is  not  already  available.  These  requirements  need 
;  nbt  apply 7tb electrical  connectors,  ignition  harness,  thermocouple  harness,  ; 
>' .interference  fit 'threads,  either  thread  end  of  studs,  fluid  fittings,  fluid  fitting 
‘  b.oshtitj ,  tube  coupling  nuts,  ground  or  cut  threads,  threads  of  non- standard 
|  items  where  similar  parts  with  the  same  thread  are  already  designed  and  ; 
■:  'tooling' is  already  available,  and  helical  inserts  including  tapped  holes  for 
•same  where  it  has  been  determined  that  the  inserts  will  accept  a  MlL-S-8879 
;  external  thread. 

4.  1.  5  Standard  Parts  -  AN  or  MS  standard  parts,  selected  from 

„  - - - - — . . . .  -  .  _  *■  j 

A  those  listed  in  ANA  Bulletin  No.  34  3ri  shall  be  used  unless  it  is  determined 
that  theyr  are  unsuitable  for  she  purpose.  They  shall  be  identified  by  their 
standard  part  numbers.  ~ 


'4.  1.6  Protective  Treatments  and  Coatings.  -  Protective  treatment 
and  coatings  shall  be  in  accordance  with  applicable  specifications  listed 
in  ANA  Bulletin  3'43it  with  the  exception  of  the  areas  listed  below.  All 
parts  not  in  constant  contact  witlr  fluid  shall  be  corrosion  resistant  or 
suitably  protected, 


'{;hKv$dl'hing  surfaces 

(2) .  Threads 

(3)  Mounting  surfaces 


4.  1 ,  T  Serialization.  -  Serial  numbers  of  fuel  pumps  procured 
under  the  specification:  shSir.hq.t  duplicate  serial  numbers  of  similar 
components  supplied  by  the  rnanufacturer  to  Pratt  &  Whitney -Aircraft.  A 
s ufficiently  iarge  block  of  serial  numbers  shall  be  assigned  to  the  basic 
pump  to  coyer  anticipated  production.  The  use  of  letters  in  serial 
identificatibiijs8ha.il  be  avoided. 


8’  Date  Plate.  -  A  data  plate  a  hall  be  attached  to  the  fuel’ 
|pu^p;ih^a>d;d'cfatiprf  which  is- visible  when  .mounted  on  the  engine  and  shall 
Vijhgluje^thejpollpwing  infoirma  tion: 

•\5  JL'¥s*/  '>;3r  *\V '  c  '  -  "  "  ~ 

<f?|y ,  5t "  -  *  4,  ' Manufacturer*  st  .Nani e  ■- 

'  ;<b)  Manufacture  r ’ s  parts -list- dumber 

V'  "  '  c)'  ’Manufacturer's  parts  number 

"  '-V/dj;  Manufacturer's  serial  number  t 

‘  1  **  *  **  J~  -*  -  -  ' 

‘  Tefet  -Requirements 


,  ,yv .<4v  2. -f  Qualification  Tests.  -  Approval  as  a  type  of  fuel  pump 
procured'  under  this  specification  for  a  prototype  engine  shall  be  contingent 
•upon,  satisfactory  completion  of  a  60  hour  preliminary  flight  rating  test 
^ijf.saCcorxl^hce  with  MIL-E-5156C.  Approval  as  a  type  of  fuel  pump 
procure dV-und  e r  this  specification  for  a  production  engine  shall  be  contingent 
•upon  satisfactory  completion  of  a  150-hour  engine  qualification  test  in 
accordance  with  MIL-E- 5009 B  and  satisfactory  completion  of  a  component 
qualif’ "atio'r  test  as  specified  in  paragraph  5.  2.  The  component  qualifica¬ 
tion  test  rprocedure  shall  be  approved  in  writing  by  PWA  before  initiation  of 
the'  tests.  The  vendor  shall  be  required  to  include,  as  a  part  of  his  normal 
development  program,  a  series  of  abbreviated  tests  to  determine  the  extent 
of; Compliance  with  these  requirements  prior  to  starting  the  official 
component-qualification  test. 


•  -T-  :  4,.2.:.r.  1  Reports.  -  Reports  of  the  pump  qualification  tests  under 

:this  ^pecif-ica\ti6h‘  shall  be  attested  to  by  an  appropriate  government 
‘f^pr.esentatiy.e  and  shall  include  at  least  the  items  mentioned  in  MIL-E - 
paragraph  3.  I.  2.  1.  Twelve  copies  of  this  report  shall  be 
;|U(}{>ii%dX't6  the  Engineering  Department  of  Pratt  &  Whitney  Aircraft  for 
'transmittal  to  t h e  g ove r n m e n t . 


-----  4.  2.  1.  2  Shipment  of  Production  Units  Prior  to  Approval  - 


In  the  event  that  production  units  are  shipped  prior  to  satisfactory 
compl*^0?1' °f  the  appropriate  qualification  testing,  the  vendor  shall  be 
^responsible  for  retrofitting  these  units  with  all  engineering  changes 
required- to  duplicate  the  unit  which  satisfactorily  completes  the 
appropriate  qualification  test,  except  those  changes  which  in  the  opinion 
Cofthe  cbf  nizant  Pratt  &  Whitney  Aircraft  project  engineer  were  not 
required  to  pass  the  appropriate  qualification  test.  These  exceptions 
carje  to  be  designated  foy  the  Pratt  &  Whitney  Aircraft  pioject  engineerls 
writt  enapprova  1 .  . 


■.  '.A  '  'S&ScJJ.  .1. 
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W^-^L  -'"^  The  acceptance  of  Jimited  quantities  of  production  units  rnay 

k| ■' '  vggjf  ;  f  ' not 'be  contingent  upoir  completion  of  the  appropriate  qualification  tests  as 
ifc  -  d1  .  s^qcified  in  paragraph  4.j£.  J->-  ' 


4\  2/Z  Accgpfa-tr-e e-  Test.  -_.  Prior  to  delivery  tsaeh  fuel  pump 
procured  under  this  specification  shall  be  subjected  to  an  acceptance  test 
as  specified  in ‘paragraph  5.  4. 


4.  P^sign  jReq-ii .  ement  ■>.  •  This  section  establishes  design 
requirements  .for  a  typical  SGT  engine  fuel  pump  and  should  not  be  construed 
as  inspection  requirements  for  production  pumps,  it  may  also  be  noted 
that  requirements  for  two.tn -tallations  a.r  •  specified  herein,  if  not 
specifically  stated  the  requirement  shall  apply  to  both  installations. 

4.  3.  1  General.  -  The  following  -design  features  shall  apply: 

a)  All  relief  and  bypass  valves  shall  be  designed  and 
located  such  that  free  water  will  not  be  trapped  in 
any  manner  which  will  affect  norma!  pump  operation. 

b)  The  use  of  slotted  bead  screws  will  not  be  permitted. 

c)  The  use  of  snap  rings  as  stressed  retainers  is 
discour?  ,cd  and  will  not  be  allowed  in  critical  locations 
where  failures  of  the  snap  ring  can  result  in  performance 
loss.  A  review  with  PWA  Engineering  of  each  design 
location  utilizing  a  snap  ring  is  required  and  is  subject 

to  PWA  approval.  [ 


4.  3.2  Fuel.  -  The  pump  shall  operate  satisfactc -dy 
throughout  the  complete  engine  operating  range  for  steady  .rate  and 
transient  operating  condsuons  when  using  fuel  onforming  t^  specification 
MIL- J-5624E,  Grades  JP-4  and  JP-5  having  any  of  the  variations  ir. 
characteristics  permitt*  d  by  specification  M1L-J-5624E  for  these  grades. 
The  pump  shall  also  operate  satisfactorily  under  all  operating  conditions, 
when  the  absolute  fuel  pressure  at  the  fuel  inlet  connection  is  a 
minimum  of  5.  0  psi  a  be  >/e  the  vapor  pressure  of  the  fuel  used,  except 
that  there  shall  not  be  a  drvjp  between  ambient  tank  pressure  and  fuel 
inlet  pressure  in  excess  of  3.  0  psi.  The  maximum  fuel  inlet  pressure 
shall  be  50  psig,  The  p  imp  shall  also  function  satisfactorily  throughout 
its  complete  operating  range  when  using  grade  JP-4  fuel  with  the 
addition  of  an  anti-icing  fluid  conforming  to  MIL-1-27686  at  a  concentra  ¬ 
tion  between  6.  13  and  0.  15%  bv  volume.  The  pump  shall  also  function 
satisfactorily  with  a  fuel  that  has  a  true  vapor  pressure  that  does  not 
exceed  0.  5  psi  at  175°F  and  2.  5  psi  at  250°F. 
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.‘^•3.  <£.  1  k  uel  C»>  'armm  tion  -  The  pump  oha*1  fs  r»  Uoo 
^satisfactorily  w  hen  using  fuel  contaminated  to  the  extern  <».  jij  grams  of 
foreign  matter  per  1 000  gallons.  Satisfactory  operetta  on  contaminated 
fuel  shall  mean  that  the  contaminated  fuel  will  >  <»t  .  tsdf  precipitate 
a;  sudden  pump  failure  but  me.-  cause  gradual  d*.  .-uoraaon  of  pump 
performance  and  abnormal  wear  of  pump  parts  This  foreign  matter  shall 
oe  considered  to  consist  of  not  U-ss  than  per  cent  SiO^  and  shall  have 
a  par" >cle-sixe  analysis  as  follows. 


Particle*  Sire  Mu  runs 

0-5 
5-10 
)  0-20 
20-40 
Over  4  0 

Through  a  200  mesh  sc  reeii 


Per  cent  of  Total 

39  ±  2  by  weight 
18  ±  3  by  weight 
1  6  ±  3  bv  weight 
18  i  3  by  we, go: 

5  ±  3  by  weight 
100  by  weight 


I 

! 


■1.  3.  3  Fuel  filtration 

4.  3.  3.  1A  (Applicable  for  installation  A  ;nly)  -  A  10  micron 
lue:  lilter  shall  be  pr., video  at  the  discharge  of 
the  centrifugal  stage  to  protect  the  high  pressure 
stage  and  other  fuel  system  components.  T 
pro-.tcl  against  blockage,  a  means  c>(  by-passing 
the  filter  »hall  be  incorporated.  This  by-pass 
shall  iimit  the  filter  pressure  crop  to  19-21 
psi  under  al!  flow  conditions.  The  return  (low 
tiorrs  the  fuel  control  shall  enter  the  pump 
downstream  of  the*  filter.  The  10  micron 
filter  element(s)  shall  be  accessible  tor  removal 
from  the  bottom  ot  the  engine-. 

4.  3.  3.  IB  (Applicable  for  ir.stal .ation  B  n!y)  -  Outlet 

and  return  ports  shah  he  provided  beween  the 
boost  stage  discharge  and  'he  inlet  of  the  high 
pressure  stage  m  order  t*  t  boost  stage  discharge 
flow  may  bo  dive-red  to  a  remote!-,'  m  . unted  fuel 
;  filter  having  a  i‘J  micron  .-ating.  Thi=  remote 

fi!t<-r  will  p.  supplied  by  Pratt  &  Whitney  Aircraft. 
The  pump  sh  1!  incorporate  means  of  bypassing 
-  the  filter  to  protect  against  blockage.  This 

bypass  shall  start  to  open  when  the  fitter  differential 
reaches  0-21  psi.  .Maximum  pressure  drop 
through  this  bypass  shall  not  exceed  twice  the 
opening  differential  under  any  flow  condition.  The 
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return  flow  from  the  fuel  r.o  Urol  to  the  pump  shall 
enter  the  pump  downstream  of  the  filter.. 


4.  3.4  Fuel  Heating 


4.  3.4.  tA  (Applicable  for  iiir uillauon  A  only)  There  shat! 
be  no  provisions  L-r  tuel  heater  ports. 

4.  3. -1.  ID  (Applicable  for  installation  B  only) 

It  is  possible  that  fuel  heating  may  be  required  by  the  engine 
system.  in  this  event,  the  flow  path  between  the  boost  stage  disc  ha  rg  e 
and  high  pressure  stage  inlet  connection-,,  noted  in  paragraph  1.  3.  3.  13, 
will  also  include  a  fuel  heater  in  series  with  the  finer.  Maximum 
pressure  loss  through  the  heat  exchanger  under  normal  condition*  at 
rated  flow  is  estimated  to  be  10  psi.  I'-w  pump  must  be  capable  ol 
withstanding  changes  in  high  pressure  u’a«e  iniet  temperature  of  100 
degrees  in  a  10  second  perio!  ,oth  pump  inlet  temperatures  rem  ning 
essentially  constant. 


?  4.  3.  -j  Discharge  Vent  C->nne<  tion.  -  A  connection  must  ne 

supplied  at  the  discharge  of  the  high  pressure  stage  tu  permit  recirculation 
to  the  airi  raft  tanks  through  a  restriction  to  be  incorporated  as  a 
permanent  part  of  ali  pumps  procured  under  this  specification.  The  size 
of  the  restriction  and  the  configuration  of  the  external  connection  must 
be  coordinated  with  PVVA  Engineering.  A  c  i  >&ure  suitable  for  flight  will 
be  required  for  this  connection. 


4.  3.  6  Fuel  and  Ambient  Temperature  Limits.  -  The  pun 
snail  be  designed  to  operate  satisfai  tori! y  with  the  following  surrounding 
ambient  air  temperature  and  fuel  inlet  temperatures 

Ambient  Air  Temp.  Inlet  Fuel  L'en-p.  Interstage  Fuel  Tt 


Installation  A  -b5  to  550’F 


to  233  F 


■o5**  to  323"F 


Installation  B  -o5  to  750  F 


tv>  ihO  p  -o3*v‘  to  325  'F 


This  applies  for  MIL  3-5025  Grade  JP-4  Fuel 
OT-.'y.  when  c-sing  MIL-J-5d24  Grade  JP-5  the 
applicable  temperature  would  correspond  to 
a  fuel  viscosity  of  12  cenustokes. 
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4.  3.  7  Pressure  Belief  Vake.  -  A  non-scrvoed  tvpe  pressure 
•relief  valve  shall  be  provided  to  limit  the  pressure  rise  across  the  high 
pressure  stage.  This  valve  shall  be  designed  to  begin  relieving  at  1  I  0?) 
psi  rise  and  shall  he  capable  of  passing  the  full  output  of  the  pump  with 
a  maximum  rise  of  120b  psi.  This  vah  e  setting  shall  be  adjustable  over 
a  range  f7  ±10)  psi. 

4.  3.  8  Maximum  Pressure.  -  The  fuel  pump  shall  be  capable 
of  withstanding,  without  fracture  or  perrpanent  deformation,  2100  psig 
static  pressure  on  the  high  pressure  side  of  .the  purip,  obO  psig  on  the 
interstage  and  230  psig  on  the  inkt  portion  ol  the  pump.  Tests  to 
demonstrate  this  requirement  shall  be  subject  to  approval  by  the 
cognizant  PWA  project  engineer,  and  shall  be  repeated  when  changes 
or  process  mooificat.  ns  -ire  incorporated  whic  h,  in  the  opinion  of  the 
PWA  project  engineer,  might  adversely  affect  pump  strength..  Burst 
pressure  tests  mu-st  be  pertormeb  <>n  a  development  unit  to  destruction. 

, -1.  3.  a  Centritug.il  Boost  Stage  -  The  pump  shall  contain  a 
valve  to'bypass  pump  inlet  tael  chreetlv  to  high  pressure  stage  inlet 
xn  the  event  ot  failure  ot  the  boost  stage.  This  valve  and  associated 
passages  shall  be  designed  to  keep  pressure  losses  below  1  psi  at  the 
maximum  flow  condition.  1  he  bypass  valve  shal.  also  incorporate 
provisions  to  prevent  inadvertent  opening  under  transient  surge 
conditions  that  can  occur  vvnen  aircraft  boost  pressure  is  applied  to 
pump  inlet  with  a  dry  fuel  pump.  In  addition,  the  boost  stage  performance 
characteristics  shall  be  sin  h  as  to  provide  for  the  maximum  possible 
boost  stage  pressure  rise  u.er  the  fuii  flow  range  of  the  fuel  pump. 

4.  3.  10  Hvdra.uu  Pumr>  Connei  U6n  ■  V 


4.  3.  10.  1  A  (Applicable  for  installation  A  only) 

Provision  shall  be  made  for  a  hydraulic  pump 
supply  port  downstream  of  the  tiller.  The  return 
.  flow  from  the  hydraulic  pump  shall  enter  the 
purnp.  downstream  of  the  supply  pori. 

4.  3.  i  0.  B  {Not  applicable  m  installation  B) 
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4.  3.  1!  Pressure  Taps.  -  Pressure  taps  shall  be  provided  at 
the  following  points  through  the  pump: 

(a)  Inlet  to  <  entrifug.ii  stage 

(b)  Discharge  of  t  entrifugal  stage  immediately  upstream 
of  fiUer  connection 

(c)  Immediately  downstream  ot  litter  connection 

(d)  pump  discharge 

fhe  pressure  taps  dcs*  ribed  in  iton  (a)  and  (d)  should  be  inade 
accessible  from  the  b>>t!-.m*  *,t  the  pump 

4.  3.  I  i.  D  n\  v  Shot  t  Sc  a  1.  •  Drive  shall  sea!  leakage  from  the 
drain  provide*!  shall  no!  tweed  10  drops  per  minute  under  any  operating 
conditions.  ■«- 

* ■  3.  13  Lob r* c«>t ton.  -  The  pump  shall  incorporate  a  means  for 
lubrication  of  the  drive  spline  from  the  engine  oil  system. 


4.  3.  !  5  Maneuver  Loading.  -  When  mounted  on  the  engine  «s 
shown  in  Figure  1,  the  phmp  shall  be  «. capable  of  withstanding,  withoi.t 
permanent  deformation  or  failure,  the  flight  maneuver  forces  .spe*  ified  in 
paragraph  3.  14  of  MIL-E-5007B  with  the  for*  es  acting  at  the  center  of 
gravity  of  the  engine.  - 


4.  3.  16  Pump  Weight.  -  The  weight  of  the  complete  pump  shall 
not  exceed  36  tbs. 

4.  3.  17  Reliability  Analysis  -  The  vendor  shail  .provide  three 
(3)  copies  of  a  reliability  analysis  of  the  fuel  pump  based  upon  a 
single  failure  concept.  This  analysis  shall  be  submitted  to  Pratt  & 
Whitney  Aircraft  for  review  prior  to  approval  of  the  design  for 
manufacture  of  experimental  units. 
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4.  3,  18  One  pump  is  required  per  engine.  The  mounting 
provisions,  •  fuel  connections  and  limiting  contours  shall  be  coordinated 
with  and  approved  by -the  PWA  Engineering  Department.  The  pump  will 
rotate^' when  viewing  the  drive  pad  end  of  the  pump.  The  raro  of  pump 
drive  shaft  speed  to  high  pressure  rotor  speed  will  be  ,  568 


4.  3.  19  Accessibility  -  All  parts  of  the  pump  requiring  routine 
service  checking  or  replacement  while  on  the  engine  shall  be  made 
readily  accessible. 


4.  3.  20  .Mockup.  -  A  mockup  of  the  fuel  Dump  shall  be  provided 
prior  to  the  delivery  of  the  first  experimental  pump,  and  shall  be 
maintained  such  that  it  accurately  defines  the  outline,  pump  mounting  pari 
and  all  connections.  Prior  to  making  any  changes  affecting  the  installation 
of  envelope  a  mockup  must  be  prepared  or  the  existing  mockup  revised 
and  submitted  to  PWA  Engineering  Department  lor  coordination  of 
installation  requirements. 


4.  3.2!  Installation  Connections.  -  Where  internal  straight 
screw  threads  are  provided  on  the  pump  fur  : tic  attachment  of  aircraft 
or  engine  fittings,  the  bosses  shall  be  in  accordant  e  with  Drawing 
AND  10049.  .Revision  1,  and  sufficient  clearance  snail  be  provided  for 
installing  hose  nipples  or  flared  tube  fittings.  The  overboard  drain 
connection  must  be  located  such  that  it  is  at  the  bottom  of  the  pump  when 
mounted  on  the  engine. 


s=To  be  supplied  at  a  later  date 
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4.4  Performance.  -  Tht  pump  performance  shall  meet  ’he 
following  requirements: 


Condition 

Fuei 

.Fuel  Temperature 
Pump  Inlet  Pressure 
Pump  Speed 
Pump  Discharge  Flow 


Pump  Discha rge  Pressure 
Pressure  Over  Fuel  in 
Tank 


Condition 

F  ue  1  i 

Fuel  Temperature 
Pump  Inlet  Pressure 
Pump  Speed 
Pump  Discharge  Flow- 
Fluid  Discharge  Pressure 

Pressure  Over  Fuei  in 
Tank 
Condition 

F  uel  | 

Fuel  Temperature- 
Pump  Inlet  Pressure 
Pump  speed 
Fluid  flow 

Bypass  flow'  F 


Instal lation  A,  1 


Installation  B,  1 


MIL-9 -5594E  Grade  JP-5**  MIL-J-5o94E  Grade  JJP-5** 


75  to  85  F 

1  3.  5  psia  Maximum 

4  700  RPM 

88.  3  G  PM  (M111) 

9  3.  3  G PM  (Max) 

750  PSiG 

11.  7  PSIA 

Installation  A,  II 


75  to  8 5 0 F 
i  3.  5  psia  Maximum 
4700  RPM 
96.  u  GPM  (Min) 
101.  o  GPM  (Max) 
800  PSIG 

14.  7  PSIA 

Installation  B .  II 

M1L-J  -5094E  Grade 
75  to  S5'F 
13.  8  psia  Maximum 
109.5  RPM 
7.  9  GPM  (Min) 

15C  PSIG  Gear 
Siage  Rise 


Pressure  over  fuel  in  <13.  ',<8  11. 

tank 

Pump  Discharge  Pressure  o50  PSIG 


M!L-J-5o94E  Grade  JP-5*  MIL-J-5094E  Grade 

7*.  to  85c  F  ?8  to  S5'F 

i  3.  5  psia  Maximum  13.  8  psia  Maximum 

1070  RPM  1095  RPM 

8.  )  GPM  (Mm)  7.  9  GPM  (Min) 

e  i  50  PSIG  Gear  Stage  1  SC  PSIG  Gear 

Kise  Siage  Rise 

14.  7  PSIA  14.  7  PSIA 

Instal  ;ation  A.  1  i I  Installation  B.  Hi 

MIL-J-  >o94F.  Grade  JP-5**  MIL-J-5o94E  Grade  J  >-5** 
100'F  Minimum  iOO’F  Minimum  * 

7.  1  in  Hg  abs  (.  45  V  L)  7.  • i  in  Hg  abs  (.  a 5 V  L) 
4715  RPM  4715  RPM 

o5.  9  G  PM  71.3  GPM 

Pump  capacity  less  c-5.  9  CPM  Pump  capacity  less 

7  1.  3  GPM 

9  3.  \<8  it.  }?g  <-.bo  9  3; -98  m  Hg  abs 


7 O'?  PSIG 
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4-  ^  Performance.  -  The  pump  performance  shall  meet  the 
following  requirements: 


Condition 
F  uel 

Fuel  Temperatcro 
Pump  Inlet  Pressure 
Pump  Speed 
Pump  Discharge  Flow 


Installation  A,  I 


Installation  B,  I 


Pump  Discharge  Pressure 
Pressure  Over  Fuel  in 
Tank 


MIL-J-5624E  Grade  JP-5**  MIL-J-5o24F  Grade  J 
7o"to  85“F  75  to  85 °F 

1  3.  5  psia  Maximum  I  3.  5  psia  Maximum 
4700  R  PM  4700  RPM 

88.  3  GPM  (Min)  96.  u  GPM  (Min) 

9  3.  3  GPM  (Max)  101-  o  GPM  (Max) 

■e  750  PSIG  800  PSIG 

14.  7  PSIA 


Condition 
F  uel 

Fuel  Temperature 
Pump  Inlet  P.  assure 
Pump  Speed 
Pur.tp  Discharge  Flow 
Fluid  Discharge  Pressui 

Pressure  Over  Fuel  in 
:  Tank 
Condition 
Fuel 

Fjue!  Temperature 
Pump  Inlei  Pressure 
Pump  speed  ^  . 

Fluid  flow 
Bypass  flow 


lnsto  ilation  A,  II 

MIL-J-5o24E  Grade  JP-5* 

75  to  S5' F 

13.  5  psia  Maximum 

1070  RPM 

8.  3  GPM  (Min) 

*e  150  PSIG  Gear  Stage 
Rise 

14.  7  PSIA 
Installation  A,  lit 

MIL- J  -  3o24E  Grade  JP-5** 
100tF  Minimum 
7.  4  in  Hg  abs  (.45  V,  L) 
4715  RPM 
o5.  2  GPM 

Pump  capacity  less  o5.  2  GPM 


Pressure  over  fuel  in  23.  98  in  Hg  abs 

tank 

Pump  Discharge  Pressure  656  PSiG 


14.7  PSIA 

Installation  B.  II 

MIL-J-5624E  Grade  J 
75  to  85°F 
!  3.  >  psia  Maximu 
1025  RPM 
7.  9  GPM  (Min) 

150  PSIG  Gear 
Stage  Rise 

14.-7  PSIA 
Installation  B,  III 
MIL- J  -5624E  Grade  J 

1  00 ’F  Minimum 

7.  4  in  Hg  abs  (.  4 5  v 
4715  RPM 
71.3  GPM 

I  Pump  capacity  less 
7  1 .  3  G  PM 

2  3.  ■> 8  in  Hg  abs 

700  PSIG 


rR*. tt.« m  r  n  t  y  Ai*ic*Arr. 


Condition. 


Installation  A,  IV 


Installation  Bi  IV 


Fuel  MIL-J - 562 i  Grade  JP-5**  MIL-J -5624  Grade  JP-5. 

■  Fuel  Temperature  '  1104F  Minimum  110  F  Minimum 

IPump  Inlei'Pressure  2.  75  In  Hg  abs  (0.  -i5  V,  L)  2.  75  In  Hg  abs  (0.  4 


'Pump  Speed 
Fluid  Flow 
Bypass  Flow 


46  30  R  PM 
30.  7G  PM 

Pump  Capacity  .Less  3*L  7  GPM 


Pressure  Over- Fuel 

lii  Tank  -  8.  88  In  Hg  abs 

Pump  Discha  rge  Pressure  5  30  PSIG 


463u  RPM 
4  3.  4  GPM 
Pump  Capcity  Les 
4  3.  4  G  PM 

8.88  ir  Hg  abs 
525  PSIG  '  ' 


Condttton 


Installation  A.  V 


Installation  B,  V 


Fuel  MIL-J -5o24  E  Grade  JP-5**  MIL-J-5624E  Grade  JP- 

Fuel  Temperature  220  F  24  0'' F 

Pump  Inlet  Pressure  True  V.  P.  -f  5.  0  PSI 

(Weathered  Fuel) 

Pump  Speed  4o  3  J  R  PM 

Fluid  Flow  41.7  GPM 

Bypass  Flow  Pump  Capacity  less  4  1.7  GPM 

Pump  Discharge  Pressure  500  PSIG 
Fuel  Tank  Pressure  8.88  In  Hg  ABS 


I  rue  V.  P.  +  j,  0  psi 
(Weathered  Fuel) 
4o30  RPM 
4  5.  7  GPM 
Pump  capacity  less 
45.  7  GPM 
525  PSIG 
8.  88  In  Hg  ABS 


Condition 


Installation  A,  VI 


Installation  B,  VI 


Fuel 


MIL-J -5624E  Grade  JP-5**  MIL-J -56Z4E  Grade  JP- 


Fuel  Temperature 
Pump  Inlet  Pressure 
Pump  Speed 
Fluid  Flow 

Pump  Discharge  Pressure 
Fuel  ’rank  Pressure 


1  00' F  Minimum 
I  i .  1  In  Hg  abs 
14  20  RPM 
4.  o  GPM 
250  PSIG 
11.1  In  H*>  a  bs 


1005F  Minimum 
11.1  In  Hg  abs 
1420  RPM 
5.  0  GPM 
25 o  PSIG 
ILL  in  He  abs 
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Condition 


Installation  A,  VII 


Installation  B,  VII 


*  Puel  MI L-J-5624E  Grade  J P-5**  MIL-J-5624E  Grade  JP 

v'  /Fuel  Inlet  Temperature  250°F  250®F 

'  Fuel  Terrperature  at 

Bypass  Return  325°F  325°F 

Pump  Inlet  Pressure  0.  7  In  Hg  abs  -  Weathered  Fuel  0.  7  In  Hg  abs  Weatiered 

{.  45  V/  L)  Fuel  (.-45  V/L) 

Pump  Speed  4900  4900  - 

Fluid  Flow  19.  b  GPM  21.  5  GPM  ' 

Bypass  Flow  Pump  Capacity  less  19.  6  GPM  Pump  Capacity  less  21.  5  GPM 

Pump  Discharge  Pressure  350  PSIG  350  PSIG 

Fuel  Tank  Pressure  1 .  04  In  Hg  abs  1 . 04  In  Hg  abs 


Pump  Speed 
Fluid  Flow 

Bypass  Flow  Pum 

Pump  Discharge  Pressure 
Fuel  Tank  Pressure 


325°F 

0.  7  In  Hg  abs  Weat  iered 
Fuel  (..45  V/L) 

4900 

21.  5  GPM  ' 


**  The  fuel  shall  have  a  true  vapor  pressure  which 

is  not  less  than  0.  5  psi  at  17  5VF  and  2.  5  psi  at  230°F 


The  pump  shall  be  capable  of  priming  itself  when 
subjected  to  a  dry  life  of  4  foot  at  an  inlet  pressure 
of  «  in-  Hg.  ABS. 


5.  INSPECTION  AND  TEST  PROCEDURES 

5  1  General.  -  The  fuel  pumps  under  this  specification  shall  be 
subject  to  inspection  by  authorized  representatives  of  the  government 
and  Pratt  &  Whitney  Aircraft,  both  cf  whom  shall  be  given  ail  reasonable 
facilities  to  determine  conformance  with  this  specification.  Unless 
otherwise  specifically  authorized,  all  tests,  except  the  engine  qualification 
test,  shall  be  conducted  at  the  vendor’s  plant. 


5.  1.1  Pump  Position  -  During  all  tests,  the  fuel  pump  shall  be 
mounted  as  installed  on  the  engine  insofar  as  .practicable. 
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v,::  -  .  v  5.  3;  I  Requirements.  -  Approval  as  a  type  of  fuel  pump  procured  ,. 
up, H'e/r/tlii.s,  specification  for  a  prototype  engine  shall  be  contingent,  upon 
sd ti$faciQi;y,  completion  of  a  oO  hour  preliminary  flight  rating  test  in. 
accordance  withMTL  E-5locC  and  satisfactory  completion  of  an  altitude 
pcppt.'tqsl  jtnaccorduncr  with  paragraph  6.  2  of  this  specification. 

Approval  as  a  type  ui  fuel  pump  for  a  production  engine  shall  be  uohtihgent 
upon  SatisTactox y  compretiuh  of  the  i  ?0-hoar  engine  qualification  test  in 
aefrbrdaqce  with  MJL-JE-hQOQB,  section  1.2,  and  satisfactory  completion 
of  |he  Component  qualification  teals  in  accordance^vrith  ^iU--,E-5009B,  . 
Sedition  A.  3.  as  modified  below.  The-  component  qualification  test’  procedure 
stall  be  approved  in  writing  by  Pratt  h  Whitney  Aircraft  before  initiation 
of  the  tests.  ... 


5.  3.  2  Mon -Conforming  C  rnponeni  -  In  the  event  that  production 
units  are  shipped  prior  to  satisfactory  completion  of  the  component 
qualification  testing,  the  vendor  shall  be  responsible  for  retrofitting 
these  units  with  alt  engineering  changes  required  to  duplicate  the  unit 
which  satisfactorily  complete,  toe  component  qualification  test. specified 
herein,  except  those  changes  .vhich  m  the  opinion  of  the  cognizant  PWA 
project  engineer  were  not  rtquireo  to  pass  rhe  qualification  test.  These 
exceptions  are  to  be  designated  by  the  PA’ A  project  engineer's  written 
approval.  The  acceptance  of  limited  quantities  of  prouuv tlon  units  may 
pot  be  cont  «gent  upon  completion  cf  the  qualification  testa  specified 


i  5;  3.  k 


jmipa-f 


5.  3.  3  General  Inspection  -  Prior  to  the  tests,,  all  parts  and 
..assemblies  of  the  pump  shah  be  inspected  tu  determine  if  they  conform  to 
the  vendor’s  part  list  and  all  requirements  of  the  contract  anti  specification; 
j  under  which,  they  were  built  in*  tuning  A  dimensional  inspection.  At  no 
i„  time .during  the  test  shall  any  part  of  the  pump  be  removed,  disassembled, 

.  or  .adjusted  without  prior  approval  of  the  cognizant  Pratt  &.  Whitney 
Sircraft  project,  engineer  and  the  government  mspe\  tor. 


- --1 ....  ...  5.  3b  4  -Leakage.  -  During  qualification  tests,  there  shall  be  no 

.3trace£. of  Cxte real  fluid  leakage  other  than  that  pc r  muted  by  paragraph 

~:p%  '3;  ¥£.  abov&P  .  -  :  . 

'V"V  ,-j  5.  3.  5  Qualification  Test  Instrumentation  -  Sufficient  lhstrumenta- 

f  shall  be  ppipvi,.vd  to  indicate  that  the  pe  rformanc  e  of.  each,  element  of 

.;f&gpuhrtp  remains  \yiihm  scr.ue  limits  . throughout  the  test.  Eunctional 
. . cfiecks^shttll  he  gerforqied  at  the.  eno  of  each  test  or  group  of  tests  and 

«$fcion-  of, iji.e  vendor.  .  . 


'  •  "  b  F uci  Pqtn p  Qualification  Test  -  The  vendor  shall  comply 

with  the  q ua Ui'i '.a lion  test  requirements  listed  below  and  the  tests  shall  be 
;  in  the  order  list  ecu  Prior  to  starting  the  test,  the  vendor 

a  detailed  outline  of  the  uimponent  tesr  schedule  for  approval 
dh^-the  coghjxant  PWA  engineer  to  show  conformance  with  this  purchase 


-'V  5*  2.  b.  i  Fuel  Pump  Calibration  -  Pru  r  to  and  upon  completion 
of  the  tue!  p  u  in  p-  qua  I  if  ic  atiou  tests,  the  fuel  pump  shall  be  completely 
cal  ItiJdCied.  --The  re  suits  of  these  caubrati.-ns  shall  demonstrate  that  the 
unitTiaVTiot  changed  rts  calibration  beyond  allowable  service  limits.  The 
i?ame:,type  fluid  shall  be  used  during  both  t  a !  ibranons. 


5-  i.  6.  1  Accelerate*!  Aging 
5.  3.  b.  3  High  Temperature  -  ■' 

5.  3.  0.  -i  jR.ior.;  f  em pe  r-.ft  u  re  £ a durance  - 
5.  3.  p.  h  bow  Temperature  -  * 

•&.-  3.  6.  o  Fuel  pump  cav-iiabot.  -  * 

e.  3.  0.  7"  Operation  of  the  High  Pressure  Relief  Valve 


11.  Data.  Copies  of  all  original  data,  sheets  shall  be  submitted 
upon  request,  tabulated  data  shall  be  sufficient  to 
ascertain  compliance  with  the  qualification  test  requirements 
of  the  specification  and  shall  include  at  least  the  following; 

,  type  and  serial  number' of  pump 

Date  and  time  of  day - - 


Total  endurance  time  and  number  of  functional  cycles 
Fuel  (type,  actual  specific  gravity,  and  viscosity) 


Barometer  reading 


Ambient  temperature 


Fuel  inlet  temoerature 


Pump  inlet  pressure 


Pump  discharge  pressure 


Photographs  showing  general  pump  condition  and  details  of  all 
,  failures  as*d  ump^ial  wear  conditions. 


5.  3.  i.  1  Number  of  Copies  -  Twelve  copies  of  the  pump  q.ualificatio 
report  ^ha:' .  be  provided  for  transmittal  to  the  government  by  Pratt  &• 
Whitney  Aircraft. 


;  5-4  Acceptance  Test  -  Each  pump  shall  be  subjected  to  an 

acceptance  Test  perfoiyned  by  the  . vendor  to  determine  that  the  pump 
will  meet  the  functional  requirements  established  by  this  specification. 
The  acceptance  test  schedule  and  calibration  limits  and  changes  thereto 
SPhall  require  Written  approval  by  the  cognizant  Pratt  &  Whitney  Aircraft 
^project  engineer. 


5.  4.  L  Pump  inspection.  -  Fuel  pumps  shall  be  inspected  for 
dpiifprrnance  with  the  vendor’s  parts- -list  currently  released  to  production 
by  initial  release  or  revised  by  subsequent  engineering  change. 
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V;?|r  -  5.  4.  2  Pressure  Tost  Ail  pump  assemblies  or  component 

'castings,  covers,  and  enclosures  of  the  pump  shall  be  subject  to  1650  psi 
•\  11;  6m  tlve  High  pressure  side  or  system  and  150  psi  on  the  inlet  or  interstage 
j  :'S  *,  :  pb r tipn •  wi tho u t  fracture  or  permanent  deformation. 


5.4.  3  Data  -  The  vendor  shall  supply  one  copy  of  the  acceptance 
Test  data  of  each  pump  procured  under  this  specification. 


I  5.  4.  4;  Delivery  The  vendor  s'na  1 1  be  responsible  for  delivery 

of  ac-'  -{stance  test  data  for  each  pump  to  the  purchaser  not  later  than  the 
:  data  on  which  the  pump  is  received. 


VENDOR  R  ES  PONS  IB  1  LI  TIES 


6.  1  Preparation  for  Storage  -  The  fuel  pump  shall  be  prepared 
for  storage  prior  to  shipment  in  a  manner  acceptable  to  PWA 


fa.  2  Prior  to  acceptan.ee  of  the  qualification  test  on  the  pomp 
the  vendor  shall  beresponsiblc  for  making  changes  and  supplying 
l  hardware  fox  correcting  deficiencies  found  in  the  development  units, 
j  If  a  change  cf  requirements  is  made,  costs  arising  from  such  changes 
'will  be  subject  to  separate  negotiations.  In  order  to.  support  the  develop¬ 
ment  units,  the  vendor  shall  maintain  or  shul’  oc  able  to  obtain  in  a 
reasonable  tune  spare  parts  for  procurement  b,  PWA. 

•  2  **  ~ 

6,  3  The  vendor  shal1  give  full  support  to  the  development  prog  am 
;  by  providing  an  adequate  engineering  development  effort  which  shall 
i  include  bench  development  and  endurance  tests  on  pumps  to  insure  satis¬ 
factory  operation' of  the  pump  at  PWA  both  on  the  bench  a  no  engine  to 
the  requirements  listed  in  this  specification.  An  outline  .*t-  the  vendor's 
l  .proposed  development  program  shail  be  forwarc.ee!  to  PA  A  prior  to  the 
’  issuance  of  any  purchase  orders  for  units. 
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,b;*f  The  vendor  shall  be  responsible  for  retrofitting  of  all 
expe.rimehtal  units  with  all  engineering  changes  required  to  duplicate 
•the  unit  which  satisfactorily  completes  the  appropriate  qualification  tests, 
except  those  changes  which  in  the  opinion  of  the  cognizant  Pratt  &  Whitney 
Aircraft  project  engineer  were  not  required  to  pass  the  appropriate  qua uti- 
xati in  tests.  These  exceptions  are  to  be  designated  by/the  Pratt  &  Whitney 
Aircr.af„  prdject  engineer's  written  approval.  Delivery  schedule  of 
reirofii  jJSriS.  must,  be  in  accordance  with  engine  development  schedule. 


b.  5  Drawings.  -  The  vendor  shall  supply  one  reproducible  copy 
.  of  ail  drawings  pertaining  to  the  pump.  Drawings  shall  also  be  supplied 
providing  design  information  lor  special  tools,  fixtures,  fittings  and 
adapters  which  will  be  required  during  development  testing  or  field  use. 


b.  t>  'Reliability  Analysis  -  The  vendor  shall  provide  three  copies 
of  a  reliability  analysis  of  the  fuel  pump  based  upon  a  single  failure 
concept.  This  analysis  shall  be  submitted  to  PWA  for  review  prior  to 
approval  of  Che  design  for  manufacture  ot  experimental  units. 
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PWA  Purchase  Specification  859 


Date:  6  October  1964 


SCOPE 


1.  1  This  specification  establishes  requirements  for  an  engine 
driven  hydraulic  pump  to  be  used  on  a  typical  SST  engine. 


DESCRIPTION 


*’■,  -  “S' 

: 


2.  1  The  pump  shall  be  engine  driven  and  be  capable  of  pumping 
the  required  volume  of  hydraulic  fluid  at  the  required  pressure  throughout 
the  engine  operating  envelope. 


3.  APPLICABLE  PUBLICATIONS 

3.  1  The  applicable  specifications  and  standards  listed  in  ANA 
Bulletin  No.  34,3n  shall  form  a  part  of  this  specification  to  the  extent 
specified  herein. 

3;  2  The  billowing  specifications  and  publications  shall  form 
a  part  of  this  specific, itiori  to  the  extent  specified  herein. 


PWA  PMC-904  1 
PWA- PS-72  GA 


Test  Fluid 

Vendor  Responsibilities 


E  - 


REQUIREMENTS 


4.  1  General  Requirements 


*x.  i.  1  Materials  and  Processes.  -  Materials  and  processes 
■-  usedir-  the  manufacture  of  this  pump  shall  be  of  high  quality  suitable  for  the 
d  purpose,  arid  shall  conform  to  applicable  specifications  listed  in  ANA 
---•Billie tin. -No.  343h.  When  vendor  specifications  are  used  for  material  or 
;  -^processes  which  affect  performance  or  durability  of  the  finished  product, 
i  -such  specifications  shall  be  subject  to  release  to  the  government.  The 
suse  of  non-governmental  specifications  shall  not  constitute  waiver  of 
‘  government  inspection,  _ 
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-  4,  r.5  Serialization  -  Serial  numbers  of  pumps  procured  under 

this  specification  shall  not  duplicate  serial  numbers  of  other,  similar  com¬ 
ponents  supplied  by  the  vendor  to  Pratt  Whitney  Aircraft.  A  sufficiently 
large- block  of:  serial  numbers  shall  be  assigned  to  the  basic  control  model  to 
cover- anticipated  production.  The  use  of  letters  in  serial  identificatic  «  shal 
beavo’ded. 

-  '  4.1.6  Data  Plate  -  A  data  plate  shall  be  attached  to  the  pump 

"and5  sKa;lL:include  the  following-  information: 

(1)  Manufacturer ’s  name  and  trade-mark 

(2)  Manufacturer’s  part  list  number 
-  (3.)  Manufacturer's  part  number 

(4)  Control  serial  number 


■  _  >  _  4.2  Test  Requirements 

-1.  4.  t.  1  Qualification  Test.  -  Approval  as  a  type  cf  hydraulic  pump 

fbir  a- prototype  engine  shall  be  contingent  upon  satisfactory  completion  of  a 
Prelirhi  iary  Pli^pt  Rating  Engine  test  in  accordance  with  MIL-E-5156C  and 
upon  satisfactory- completion  of  a  5  hour  altitude  oroof  test  specified  in 
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paragraph  5.  2  of  this  purchase  specification.  Approval  as  a  type  of  hydrau¬ 
lic  pump  for  a  production  engine  procured  under  this  specification  shall  be 
contingent  upon  satisfactory  completion  of  a  150-hour  engine  qualification 
test  in  accordance  with  MIL-E-5009B  and  satisfactory  completion  of  a 
,  component  qualification  test  specified  in  paragraph  5.2  of  this  specification. 
The  component  qualification  test  procedure  shall  be  approved  in  writing  by 
Pratt  &  Whitney  Aircraft  before  initiatipn  of  the  tests. 


4.2.  1.  1  Reports.  -  Reports  of  the  hydraulic  pump  qualification 
tests  under  this  specification  shall  be  attested  to  by  an  appropriate  govern¬ 
ment  representative  and  shall  include  at  least  the  items  mentioned  in 
paragraph  5.2.  5  of  this  specification.  Twelve  copies  of  this  report  shall 
be  supplied  to  the  Engineering  Department  of  Pratt  &  Whitney  Aircraft  for 
transmittal  to  the  government. 


4.  2.  1.  2  Shipment  of  Production  Units  Prior  to  Approval.  -  In 
the  event  that  production  units  are  shipped  prior  to  satisfactory  testing, 
the  vendor  shall  be  responsible  for  retrofitting  these  uni^s  with  all  engineer¬ 
ing  changes  required  to  duplicate  the  unit  which  satisfactorily  completes  the 
component  qualification  test,  except  those  changes  which  in  the  opinion  of 
the  cognizant  PWA  project  engineex_w£Se  not  required  to  pass  the  qualifica¬ 
tion  test.  These  exceptions  are  to  be  designated  by  the  PWA  project 
engineer’s  written  approval.  The  acceptance  of  limited  quantities  of  pro¬ 
duction  units  may  not  be  contingent  upon  completion  of  the  qualification  tests 
as  specified  in  paragraph  4.2.  1. 

1  4.  2.  2  Acceptance  Test.  -  Prior  to  delivery,  each  hydraulic 

pump  procured  under  this  specification  shall  be  subjected  to  an  acceptance 
'•  test  as  specified  in  paragraph  5.4. 

4„3  Design  Requirements  -  This  section  establishes  design  re- 
•  quirements  for  the  hydraulic  pump  and  should  not  be  construed  as  inspection 
requirements  for  production  pumps. 

4.3.  1  General  -  The  following  design  features  shall  apply: 

,  ?'  4.3.  1.  1  All  relief  bypass  and  check  valves  shall  be  designed  and 

located  such  that  free  water  will  not  be  trapped  in  any  manner  which  will  af¬ 
fect  normal  pump  operation. 

!«  4.3.  1.2  The  use  of  slotted  head  screws  will  not  be  permitted. 

;  I  .  4.3.  1.3  The  use  of  copper  or  copper  alloys  in  areas  exposed  to 

i  .  fuel,  is  prohibited. 

4.3.  1.4  The  use  of  snap  rings  as  stressed  retainers  is  discour - 
aged-and  will  not  be  allowed  in  critical  locations  where  failure  of  the  snap 
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,.r.iUg..can  te s ult  in  ^.performance' loss.  A  review  with  Pratt  Si  Whitney  Air- 
-cr&jtt JEngj;neer,Hig.  of  each  design,  location  utilizing  a  snap  ring  is  required 
yahdiis,  subject,  to  Pratt  Si  Whitney  Aircraft  approval. 


y  i*  '  ,  .  *  .  *  ',v 

4.  3. 2 .  Fuel  -  The  pump  shall  operate  satisfactorily  throughout 

.the  complete  engine  operating  range  for  cteady  state  and  transient  operating 
conditions  when  using  fuels  conforming  to  specification  MIL.-J-5624E ,  Grades 
JPr 4  and  JP-5  aving  any  of  the  variations  in  characteristics  permitted  by 
specification  ,MIL.r  J-5624E  for  these  grades.  The  pump  shall  operate  satis¬ 
factorily,  under  all  operating  conditions  when  the  absolute  fuel  pressure  at 
Jthe.  fuel  inlet  connection  is  fi*om  a  minimum  of  10  psi  above  the  vapor  pressuie 
of  the  fuel  used. to  1 65  psia  with  a  V/L  ratio  of  zero.  The  pump  shall  also 
function  satisfactorily  throughout  its  complete  operating  range  when  using 
Grade  JP-4  fuel  with  the  addition  of  an  anti-icing  fluid  conforming  to  MIL.-I- 
2:7686  at  a  concentration  between  0.  13  and  0.  15%  by  volume. 


4.3.2.  1  Fuel  Contamination  -  The  pump  shall  function  satisfac¬ 
torily  when  using  fuel  contaminated  to  the  extent  of  8G  grams  of  foreign  mat¬ 
ter  per  1000  gallons.  Satisfactory  operation  on  contaminated  fuel  shall  mean 
that  the  contarr  inated  fuel  will  not  in  itself  precipitate  a  sudden  pump  failure 
but  may  cause  gradual  deterioration  of  pump  performance  and  abnormal  wear 
of  pump  parts.  This  foreign  matter  shall  be  considered  to  consist  of  not 
less  than  68%  SiC>2  and  shall  have  a  particle -size  analysis  as  follows: 


I  5  Particle  Size  Microns  Percent  of  Total 


0  -  5 

5  r  10 
'0-20 
20  -  40 
Over  40 

Through  a  200-mesh  screen 

4.3.2.  2  Fuel  Filtration  -  Fuel  filtered  through  a  filter  having  a 
10  micron  rating  will  be  provided  by  Pratt  St  Whitney  Aircraft  at  the  inlet  to 
the  hydraulic  pump. 

4.3.. 3  Fuel  and  Ambient  Temperature  Limits  -  The  pump  shall 
be  designed  to,  operate  satisfactorily  with  the  following  surrounding  ambient 
air  temperature  and  fuel  inlet  temperatures: 


39±2  by  weight 
18±3  by  weight 
16*3  by  weight 
18=3  by  weight 
9±3  by  weight 
100  by  weight 


- 

Requirement  A 
Reg  ui  re  me  nipB> 


Ambient  Air  Temperature  Inlet  Fuel  Temperature 


-65  to  550  °F 
-  65  to  7.50  *F 


-65**  to  300 °F 
-65**  to  320.“F 


*4-  ‘  -4* -  i -Thi';s  applie  s  for  MLL~J"5624'  Grade  jP-4  Fuel  only,  when. 

'  *?  c‘  using  MIL- J-6624* Grade  TP-5  the  applicable  temperature, 

.  ^  wduld  correspond  to  a  fuel  viscosity  of;  12  centistokes. 

'  *v  '  '  '  -  '  l  - 

,4-3.:4  Maximum  Pressure  -  The  pump.  shall  be  capable  .of  with^* 
standi tig' without  fracture  or  permanent  deformation  a  surge  pressure  .3000 
psi above  the  riormal  working  pressure  of  1500  ±  100  psig.  The  inlet  portion 
of' tK'e  . pump  must  be  capable  of  withstanding  400  psig  without  permanent  de¬ 
formation'.  Tests  to  demonstrate  this  requirement  shall  be  subject  to  the 
approval  of  the  c  .nizant  Pratt  &  Whitney  Aircraft  project  engineer,  and 
shall  be  repeated  when  changes  or  process  modifications  are  incorporated 
which,  in  opinion  of  the  Pratt  &  Whitney  Aircraft  project  engineer,  might  ad¬ 
versely  affect  pump  strength.  Burst  pressure  tests  must  be  performed  on  on 
Development  unit,  to  destruction. 

4.3. 5  Drive  Shaft  5eal  Leakage  -  Drive  shaft  seal  leakage  from 
the  drain  provided-  shall  not  exceed  10  drops  per  minute  under  any  operating 
conditions. 


4. .3.  6  JF 
exceed;  50.  0  pounds! 


The  weight  of  the  complete  pump  shall  not 


,  -  '  4.3.7  Pressure.  Taps  -  Externa]  pressure  taps  shall  be  provided 

afc  the  following  points  through  the  pump: 

a.  Pump-centrifugal  stage  discharge 

b.  Pump  discharge  before  outlet  check  valve 
-  b..  Pump- discharge  after  outlet  check  valve 

4!  3 ;:8  Temperature  Rise  -  The  fluid  temperature  rise  from 
pump  inlet  to  pump  discharge  must  not  exceed  20°F  at  flow  conditions  of  6.0 
gpm  pr  above  .. 

4.  3.  9  Maneuver  Loading  -  When  mounted  on  the  engine  as  shown 
!in:  Figure  1,  the  pump  shall  be  capable  of  withstanding,  without  permanent 
deformation  or  failure,  the  flight  maneuver  forces  specified  in  paragraph. 
$:.E4  of  MIL-E-5007B ,.  with  the  forces  acting  at  the  center  of  gravity  of  the 
engine.  :  ?  -  "... 


TAG*  NO.  6 


?CV 4  ’>  ‘  -- ^ : :■  ^ ^  vs  v  *<* 
.ih&srx-ii--  i  >*>  ->.:  .i  -v*  \.  : 


'■fMC-lPi-  ■-'  ■!-'  ’ 

:*•  r*r '^c'  ■"  "s'  '*<  '  -  -  ^  - 

V.  w*.  *  V*-  ’$  ^ 

//  .£  ’  >H  -:  ^  <S5SPf«a(S»*«^.  / 

iitfliltKa^--^-..  £-~* A* 


^:a+^>v5!' 


;  iV*  '-•  ♦  ^ 


-  -  -  *' 


~^.V  i  ~  Np-  AV 


g  '  .  /£••,,  o  * .  ^  ''**  '■',*■  ”»5  ,  - 

»o‘*  *  A#??#’  '>jt  ATT-  *  WH I TN fYA I WC K A rT 

pt<.--  -X  Vi  .-  .  -*  ^  c.-  ^ca^^ss.  ^  ^  -.  . 


PW A  PPS  859 


i$-;  •  ;•>  - 

BTL-  ' .-  - 


,  B:  ’^'W 


••  ■'■  *  '  4.3;  10  Lubrication  -  The  pump^  shall  incor.poxate  provisions  for  4 1 

}  ;lubricati6nofthe  drive  spline,  from  the  engine  oil  system.  - ■; 

:'•  u  4V3.  IT  One  pump  is  required  per  engine..  The  mounting  -pro vis.? 

ionsj.  fuel  connections  and  limiting  contours  shall  be  coordinated  with  and 
.  'approved  by  the  Pratt  &  Whitney  Aircraft  Engineering  department.  The  ratio; 
■  -of  pump,  drive  shaft  speed  to  high  pressure  rotor  ^peed  will  be  .  5680  N£.  { 

4.3. 12'  Accessibility  -  All  parts  of  the  pump  requiring  routine 
service  checking  or  replacement  while  on  the  engine,  shall  be  readily  acces-  r 
-sibl'e.  -  - 

4.3.  13  Mockup  -  A  fuel  pump  mockup,  which  shall  accurately  de¬ 
fine  the  outline,  pump  mounting  pad,  and  all  connections,  shall  be  provided 
prior  to  the  delivery  of  the  first  experimental  pump.  Prior  to  making  any 
changes  affecting  the  installation  or  envelope  a  mockup  must  be  prepared  or 
the  mockup  revised  and  submitted  to  Pratt  &  Whitney  Aircraft  Engineering 
Department  for  coordination  of  installation  requirements.  Changes  shall  be 
Che  subject  of  separate  negotiations. 

4.3.  14  Installation  Connections  -  Where  internal  straight  screw 
threads  are  provided  on  the  pump  for  the  attachment  of  aircraft  or  engine 
fittings,  the  bosses  shall  be  in  accordance  with  Drawing  AND  10049,  Revis¬ 
ion  1;  and  sufficient  clearance  shall  be  provided  for  installing  hose  nipples  or 
flared  tube  fittings. 

4.3.  15  Reliability  Analysis  -  The  vendor  shall  provide  three 
copies  of  a  reliability  analysis  of  the  fuel  pump  based  upon  a  single  failure 
;  concept.  This  analysis  shall  be  submitted  to  Pratt  &  Whitney  Aircraft  for 
review  prior  to  approval  of  the  design  for  manufacture  of  experimental  units, 

4.4  Performance  and  Operationai\Requirements  -  The  pump  per¬ 
formance  shall  be  adequate  to  meet  the  following  requirements. 

Condition  I 


■  5 


Fuel 

Fuel  Temperature 
Pump  inlet  pressure 
Pump  speed 
Pump  discharge  flow 
Pump  discharge  pressure 


MIL-J-5624E,  Grade  JP-4 

300°F 

165  psia 

4700  RPM 

50  gprh  (min)  52  gpm  (max) 
1500  ±  100  psig 


*  Vr  i  y 4 * ' 


PACK  NO.'  7 


^Condition  IS,.--'- 
Fuel 

Fuel  '.Temperature 
Pump  inlet  pressure 
Pump  speed 
Pump  discharge  flow 
Pump  discharge  pressure 


JvlIL  -J-5624E-)  Grade  JP-4 
75-8S°F  -  :  : 

20  psig.  ~-2  - 

2500  RPM 
26  gpm  (min) 

1500  ±  100  psig;  '  - 


5.  INSPECTION  A  NX?  TEST  PROCEDURES  .  '  ; 

5.  1  General  -  the  fuel  pumps  under  this  specification  shall  be 
subject  to  inspection  by  authorised  representatives  of  the  government  and 
Pratt  &  Whitney  Aircraft,  who  shall  be  given  all  reasonable  facilities  to  de¬ 
termine  conformance  with  this  specification.  Unless  otherwise  specifically 
authorized,  all  tests,  except  the  engine  qualification  test,  shall  be  conducted 
at  the  vendor's  plant. 

5.  1.  1  Pump  Positions  -  During  all  tests  listed  below,  the  fuel 
pump  shall  be  mounted  as  installed  on  the  engine  insofar  as  practicable. 

5.2  Altitude  Proof  Test  -  The  fuel  pump  to  be  used  for  this  test 
shall  be  inspected  for  conforma:.,  e  to  the  vendor’s  parts  list  prior  to  assem¬ 
bly.  The  pump  shall  then  be  subjected  to  an  acceptance  test  in  accordance 
with  paragraph  5.4  of  this  specification.  Following  the  acceptance  test,  the 
fuel  pump  shall  be  operated  for  five  (5j  hours  at  the  conditions  specified  in 
paragraph  5-2. 1.  There  shall  be  no  evidence  of  external  leakage  during  the 
altitude  proof  test  except  10  drops  per  minute  or  less  at  the  drain  provided. 
Upon  completion  of  the  altitude  proof  test,  the  pump  shall  again  be  subjected 
to  the  acceptance  test  specified  in  paragraph  5.4  and  shall  subsequently  be 
disassembled  for  inspection  cf  detail  parts.  This  calibration  and  inspection 
shall  reveal  the  pump  performance  tv  remain  within  allowable  service  limits 
and  all  detail  parts  to  be  suitable  for  continued  service  utilization. 

5.2.  1  Altitude  Proof  Test  Conditions 


Fuel 

Fuel  Temperature 
Pump  speed 

Fuel  Pressure  at  Pump  Inlet 

Pump  Discharge  Flow 
Pump  Discharge  Pross’-re 
Fuel  Tank  Pressure 


MLL-J-5161E,  Grade  1 
h00°F  min. 

4770  RPM 

10  psi  above  true  vapor  pres¬ 
sure  of  fuel 
50  gpm 
1500  psig 
Sea  level 


tpyt  Ah'  £*»  ft  tv;  1 1 


PASS  NO. 
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5>j£  .Qualification  Test 


*:m 


i  c/-ti 


:  ’  5.3.  1  General  Inspection  -  Prior  to  the  test,  all  parts  and  as-  I 

^sdrhKlies  of  the  pump  shall  be  inspected  to  determine  if.  they  conform  to  the 
vendor's  parts  list  . and  all  requirements  of  the  contract  and  specifications 
•under  which  they  were  built  including  a  dimensional  inspection.  At  no  time 
during  the  test  shall  any* part  of  the  pump  be  removed,  disassembled  or  ad-, 
justed  without  prior  approval  of  the  cognizant  Pratt  &  Whitney  Aircraft  pro¬ 
ject  engineer  and  the  government  inspector. 

5. '3. 2  .Leakage  -  During  qualification  tests,  there  shall  be  no 
traces  of  external  fluid  leakage  other  than  that  permitted  by  paragraph  4.3.5 

5.3.3  Fuel  Pump  Calibration  -  Prior  to  and  upon  completion  of 
the  fir  1  pump  qualification  tests,  the  fuel  pump  shall  be  completely  calibrat¬ 
ed  arid  shall  indicate  that  the  unit  has  not  changed  its  calibration  beyond  al¬ 
lowable  service  limits.  The  same  type  fluid  shall  be  used  during  both 
calibrations . 

5.3.3.  1  Qualification  Test  Instrumentation  -  Sufficient  instru¬ 
mentation  shall  be  provided  to  indicate  that  the  performance  of  all  elements 
of  the  pump  remain  within  service  limits  throughout  the  test.  Functional 
checks  shall  be  performed  at  the  end  of  each  test  or  group  of  tests  and  at 
other  times  at  the  option  of  the  vendor. 

5.3.4  Fuel  Pump  Qualification  Test  -  'The  vendo  ■  shall  comply 
with  the  qualification  tesl:  requirements  listed  below  and  the  test  shall  be  con 
ducted  in  the  order  listed.  Prior  to  starting  the  test,  the  vendor  shall  sub¬ 
mit  a  detailed  outline  of  the  component  test  schedule  for  approval  by  the  cog¬ 
nizant  Pratt  &  Whitney  Aircraft  engineer  to  show  conformance  with  MIL-E- 
5G09B  and  this  purchase  specification. 


jay.-.-;,/  .■ 


£4  _t*L  *  '3i?‘ 


pj'TV-  •;'*  .  f  ;  _ .  -...  - 


5.3.4...1  Accelerated  Aging  - 


5. 3. 4„2  High  Temperature  -  * 


5.  3.  4. 3-  Boom  Temperature  Endurance 


5.3.  4. 4  Low  Temperature  -  * 


5.3.  4.  5  Fuel  Pumo  Cavitation  -  * 


5.  3.4.  6  Recalibration  -  * 


5.3;4.7  Teardown  Inspection  -  * 


*  To  be  supplied  at  a  latter  date. 
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|-7  --  «P?-—  •-  5.:3;.,5  Reports  -  Reports  of:  pump- qualification  tests  under  this 


ill 


■  -XbM 


s \  spetitficatien  stialPbe  attested  to  by  an  appropriate  .government,  representative 
**"’"  -e^-  {£  4^N^?4j--  contalh^pessentiany-.,  the-following  items:  '-. 

i  '^V,  '-  ...  ?'  _'•  ‘  ,  ,  i  r  -  -  ^  -  '  '  .  -  ; 

I  . !  i .  ■  ;1,  Title  page  '  ••'*-"  .  '  » 

7  s  ‘;  •  ,2'i  Abstract  -  .  -  . 

:  <-‘k-  "  x  37  ■  i->ist  of  Illustrations  -  '-  'j 

*'''•  >  i  ;  j  J  ■ '  '"'  -  4v.  “  Summary  _  .  '  v  .  ■  . :  . 

;  :  .  5i  Conclusions  and  Recommendations 

.7 '7  -  '-  :  o.  'Description  (General  description  of  the  pump  and  detailed 

■•  "?;  5  description  of  novel  features) 

*.-7  ?.  Method  of  Test  (General  description  of  test  equipment  and 

7>  -  .  procedure)  "  - 

8.  Record  of  Test  (Chronological  history  of  all  events  in  con- 
*  i  :-  -v'  flection  with  all  of  the  testing) 

;  v  9i  Analysis  of  Results  (a  complete  discussion  of  all  phases  of 

f.  -  the  test,  such  as  probable  reasons  for  failure,  unusual  wear, 

.  and  analysis  cf  general  operation) 

;s  10.  Calibration  and  recalibration  data.  Suitable  curves  defining 

:  '  the  pump  performance  before  and  after  the  qualification  test 

shall  be  pro\  ided. 

12.  Data  copies  of  all  original  data  sheets  shall  be  submitted  up- 
>  or  request.  Tabulated  data  shall  be  sufficient  to  ascertain 

■'  •  compliance  with  the  qualification  test  requirements  of  the 

s  ;  specification  and  snail  include  at  least  the  following: 

,  .i  -V  '  •=  ;TType  and  serial  number  of  pump 

"  A'*  •  ’ .  .  Datfe  and  time  of  day 

•"  7  ?-  Total' .endurance  time  and  number  of  functional  cycles 

.  Fuel  (type,  actual  specific  gravity,  and  viscosity) 

:  -  .  Barometer  reading 

;•  Ambient  Temperature 

-  .  -5  -^u'el  inlet. temperature 

-  A  .  •„  /-  Pump  inlet  temperature 

■  Pump  discharge  pressure 

~i  M  '  T2;.  photographs  showing  general  pump  condition  and  details  of  all 

1.  failures  and  unusual  wear  conditions. 


r.-T-.J  -  -  l-  ■  5; 4  .-Acceptance  Test  -  Each  pump  shall  be  subjectec  to  an  ac- 

. ;l.  ceptan'ce-'teJst  performed  by  the  vender  to  determine  that  each  pump  will  meet 
T'/'-j' !  '%■ '  •therfunctionai-requirefnehts  established  by  this  specification.  The  acceptance 
|  ^pteb^s,chddule:  and.  calibration  iftaitb  and  changes  thereto  shall  require  written 

s?4i  4  r^ltprpjovaF.by  the  cognizant  Pratt  &.  Whitney  Aircraft  project  engineer.  * 

7  ’  ’  ‘  :  ;  ,  ‘ 

-v'7.,  d  ;.V'  ^  _  : 
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i  .. ,  - Pump  Inspection  •»  Fuel  pumps  shall  be  inspected  for  con- 

|he  vcrfdpr'h  ;parts  .list,  currently  relei»ect.to  production  uy 
‘ftiltiffi  -rel'ea.Se  or  revised  by  subsequent  engineering,  change. 

^ '>  5.4. ’2  Pressure  Test  -  Ail  pump  assemblies  or  component  cast- 

and  ehclpsure s  Of-  the  pump  shall  ue  subject  to  3500  ps*  on  the 
-  side  of  the  system  and  250  psi  on  the  inlet  portion  without 

■fra^tbr'q  q.r  permanent  deformation. 


5.4.3  Data  -  The  vendor  shall  supply  one  c«py  the  acceptance 
fesf,  data  of. each  pump  procured  under  thia  specification. 

5.4.4"  Delivery  -  The  vendor  snail  be  responsible  for  dehvt  ry  of 
acceptance  test  data  to  the  purchaser  not  later  than  the  date  on  which  the 
‘  rna teyrial. is  received. 

;6;:  t/ENDOR  RESPONSIBILITIES 

6i  1  At  the  request  of  Pratt  &  Whitney  Aircraft  Engineering  the 
vendor  'shall  supply  three  copies  of  a  reliability  analysis  report  of  the  hy- 
'idrauHc  pump  based  on  a  single  failure  concept. 

6.2  Prior  to  acceptance  of  the  qualification  test  on  the  pump, 

■the  yendpr  shall  be  responsible  lor  making  changes  and  supplying  hardware 
s(o‘r  poxire.cting-,  deficiencies  found  in  the  development  units.  Ii  a  change  of 
xequif enie.nts  is  .made,  costs  arising  from  such  changes  will  be  subject  to 

negotiations.  In  order  to  support  the  development  units,  the  vendor 
shall  .maintain  or  shall  be  able  to  obtain  in  a  reasonable  time  sp.re  parts  for 
^procurement  bJtCPxatf  Si  Whitney  Aircraft. 

'b  '  '  ‘  ~  '*  ' 

.  .  ~  '  ‘6.3  The  vendor  shall  give  full  support  to  the  development  pro- 

Jglbm  ,by.”pr Ovid i ng  an  adequate  engineering  development  effort  whicn  shall 
.  include  bench' development  and  endurance  tests  on  pumps  to  insure  satisfac¬ 
tory  operation  of  the  pump  at  Pratt  &  Whitney  Aircraft  Doth  on  the  bench  and 
.engine  to. the  requirements  listed  in  this  specification.  An  outline  of  the 
vendor’s  proposed  development  program  snail  be  forwarded  to  Pratt  S:  Whit¬ 
ney.  Aircraft  prior  to  the  issuance  of  any  purchase  orders  for  units. 

■'  '  '  .  : 

‘  .  6. 4  jDra,wings  -  The  vendor  shall  supply  une  reproducible  copy 

Of: a;li;dra vying s  pertaining  to  the  pump.  These  drawings  shall  also  provide 
;defij|n.-^'fpz^mation.por  special  tools,  fittings  and  adapters  that  will  be  rc- 
'.qurreq- during  development  testing  or  field  use. 


m 
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//‘lv  9* 5  ?.he  vendor  shall  be  responsible  for  retrofitting. of  all1  ex- 

;^?rirrtehtah  units  with  all  engineering  changes  x  squired  to  duplicate  the  unit 
eat'isfactor^y  completes  the  appropriate  qualification  tests,  except, 
change ^  y/luch  in  the  opinion  of  the  cognizant  Pratt  ,&  Whitney-  Aircraft 
Pfojpct  engineer  were  not  required  to  pass  the  appropriate  qualification  test 
Jbese  exceptions  are  to  be  designated  by  the  Pratt, &  Whitney  Aircraft  pro-, 
jecu  ehgipeer's  written  approve..  Delivery  schedule  of  retrofit  parts  must 
be  in  accordance  with  engine  development  schedules 

6  Preparation  for  Storage  -  The  fuel  pump  shall  be  prepared; 
for  storage  prior  to  shipment  in  a  manner  acceptable  to  the  purchaser. 
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.^'f.  ^^$--V?  ®Piec'i^catiba  establishes  the  reguirorneftts  tor  a  duct 
;V;l|Sa;t©i>‘tar'b6purnp^ -used  gn  a  typical  SS’t  edging. 


-?v  ,.vJbESGKiPTION:  .  ,  •  ' 

*  '  '  .  .-v  ,  1  '  '  *  l- 

duct  beater  fuel  pump  consists  of  a  dual  element  centrifugal 
unltdri-ueh  by.  an  auxiliary  air  turbine. 

T h©  ai r  turbine  is  supplied  with  a  c  ontrolled  amount  of  bleed  air 
flow  taken  ''rorh  the  engine  high  c-nr.p-ressor  discharge.  T‘  t  air  flow 
tg, the  turbine  is,  controlled  through  a  butterfly  valve  such  that  a 
{  pEedeteu-mihed  pump,  discharge  prcsscn  is  maintain*  J.  During  non- 
diict  heatirig  a  small  amount  of  bleed  air  is  provided  to  drive  the 
;  lrb.ihe  a.n^l. .provide. a  lovv  fuel  flow  to.  circ  ulate  through  the  pump  and 
ciuct Jved'ter  fuel  control.  The  tufboputnu  shall  use-  engine  fuel  fpr 
i ’bedr’ing  ana  seal  cooling,  during  all  operating,  conditions. 

3v  A-P.P LIC AB tF  PU 13 LI C A TIONS  -  '  ' 


.  s  3.  .1  h'h.c  .applicable  specifications  and  standards  listed  in 
B^Ulletiii  3d3n  shall  form  a  pari  of  this  spet-ifn  aiion  to  the  extent  specified 
hecrJeih.- v  1 \;_v  '  '  >  '  .  - 


,  3.J  The  fbll6iving  specifications  and  publications  .shal t  form  a 
pcivt  oiThi«,  specification  to  the  extent  specified  hereim 
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Galibratiiig  Fuel 
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.V.-;3i^.^-1  aP#cabIe  curves  drawings,  approvals  of  test  programs , 
^^^^fic|E,ri'6ns,  miisipn  cycle  requirements,  etc.  ,  referenced  in  this 
^Ipi? ft cati on ,  shall  be  supplied  the  vendor  by  a.  letter  or.  letters -of 
tcjih^mittaT  ( r orb  the  cognizant  P& V/A  project  engineer. 


M  ^EQMk-EjKIENTS.  ’  .-  .=  • 

'  "  ‘ '  -  l  Genera i .  ffitiq ui  r e m e n t s  . .  '  '  .r_. 

-  >.  J^r  ^‘  4  Materials  and  Processes  -  Materials  and  processes  used 
-Jd  the  rh  a  n  Of  a  c  t  ur  e  6  f  this  turbometer  shall  be  of  high  quality  and  suitable 
jp?“  the  purpose.  Material  specification  shall  conform  to  the  applicable 

fixation  listed  in  ANA  Bulletin  3*3n.  P&WA  must  be  advised  what  ., 
n?5 textais  jpre  being  used  so  that  fuel  compatibility  tests  may  Lc  conducted 

_•<  ,  c'  ^  *  - 

r  '  r  S  ^ 

'4.  .li‘l.  1  Dissimilar  Metals  -  The  use  of  dissimilar  metals  in 
-"contact,  a  §  "defined  on  Drawing  MS-33586A  shall  be  avoided  wherever 


possible* 

-A'-'  ? 


4‘  l-  L  Z'  Use  of  AMi>  5bl0’  5620>  5bZ1’  5630,  5631,  and  5632 
"Materials..  % rjfhe ‘use  of  the  subject  heat  treatable  stainless  steels  cr 
'•^qMiV#t?%C'iS-.P'iohihiteid  unless  agreed  upon  in  writing  by  P&WA 
Erigiiifeering.  ■  .  : 


'  _rf  4'  Standard  Parts  -  AN  or  MS  standard  parts,  selected 
^ro m  tho^e  listed  in  ANA  Bulletin  343n,  shall  be  used  unless  it  is 
Jeter-pfijned  that  they  are  unsuitable  for  the  purpose.  .They  shall  be 
identified  b„y  their  standard  part  numbers. 


-  4.  1.  3  Protective  Treatments  and  Cuatings.  -Protective  treatment 

ifjid  cba't4ngs“Thall  be  in  accordance  with  applicable  specifications  listed 
'l^  eAN^ -Bulletin  343n  with  the  exception  of  the  areas  listed  below.  All 
hpt.ili  constant  contact  with  fluid  shall  be  corrosion  resistant  or 
suitably  protected, 

1'1  -  '  ,  r1 

, i.  %v’  -A  h);  forking  surfaces  -  - 

|i|  threads-  - 

s  3$  tpounting  surfaces 
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4i  X.  us  Set  ializatioh  Serial  numbers  ofcturbhpnmps  prpqurec? 
under  this  specification  shall  not  duplicate  serial  numbers  of  other 
similar  components  supplied  by  the  manufacturer  to  Pratt  &.  iVhitney 
Aircraft.  A  suCriciently  large  block  of  serial  numbers  shall  be  assigned 
to  the  basic  pump  to  cover' anticipated  production.  The  use  of  letters 
in, serial  identification  shall  he  a voiden. 


4.  1.  5  Data  Plate  -  A  data  plate  shall  be  attached  to  the 


/ 


K  >- 


& 


B 


E- 


lurbopurrsp  ini  location  which  is  visible  when  mounted  on  the  engine  and 
s  hall  include  the  following  information: 


a. 

b. 

c. 

d. 


Manufacturer's  name 
Manufacturer’s  parts  list  number 
Manufacturer's  part  number 
Manufacturer's  serial  number 


4.  1-  b  Screw  Threads.  -  All  conventional  straight  screw  threads 


-  -  w 

shall  confirm  to  the  requirements  of  MIL-S  8879  except  paragraph  3.  12. 
These  include  threads  on  standard  hardware  bolts  and  nuts,  tapped 
holes  receiving  standard  items,  nuts  for  use  on  studs,  and  threads  for 
non-standard  parts  where  a  new  thread  size  is  being  incorporated  in  a 
hew  design  or  redesign  and  where  tooling  is  not  already  available.  - 
These  requirements  need  not  apply  to  electrical  connectors,  ignition 
harness,  thermocouple  harness,  interference  fit  threads,  either  thread 
end  of  studs,  fluid  fittings,  fluid  fittitn  aosses,  tube  coupling  nuts, 
ground  or  cut  threads,  threads  of  non-standard  items  where  similar 
parts  with  the  same  thread  are  already  designed  and  tooling  is  already  avril< 
and  helical  insb rts  including  tapped  holes  for  same  where  it  has  been 
:  determined  that  the  inserts  will  accept  a  MIL-S -887°  external  thread.  ' 


4.  2  Test  Requirements 


A. v'"A  V=.  / 


KO.  3~ 


>*'  *  /f-  *4  A"’  c;.  .  -Lf  -c 

Kr**  v ' *  -  * v  t, JL  **  „  w, -- ■»  *■  ,  ' . 


A  , 


-L' .  rjsasrci 

/  '.-asagjjj 


bJ 


-  Qualification  Test.  -  Approval-.as  .a  -type  of  duct  heater 

for  a  prBtotypt  engine  shall  be  contingent  upon1,,  satisfactory, 
of  a  Preliminary  Flight  Rating  .Engine  Test:  in  accordance  - 
and  upon  satisfactory  completion  of:  a  5- hour. altitude 
specified  in  paragraph  5<  2  of  this  purchase  specification. 
AfepTpyKi  as  a  type  of  duct  heater  turbopump  for  a  production  engine 
procured  under  this  specification  shall  be  contingent  upon  satisfactory 
completion  of  the  150-hour  engine  qualification  test  i,n  accordance  w.ith  - 
and  satxS«actory  completion  of  a  component  qualification 
tfest  specified  m  paragraph  5.  3  of  this  purchase  specification.  The 
component  qualification  test  procedure  shall  be  unproved  m  writing  by~ 

Pratt  &  Whitney  Aircraft  before  initiation  of  the  tests. 

.  4.  2.  I.  1  Reports.  -  Reports  of  the  duct  heater  turbopump  qualifi¬ 
cation  tests  under  this  specification  shall  be  attested  to  by_un  appropriate 
government  representative  and  shall  include  at  least  the  items  mentioned 
in  paragraph  5—3.  5  of  this  specification.  Twelve  copies  of  trus  report 
shall  be  supplied  to  the  Engineering  Department  of  Pratt  &  Whitney  Aircraft 
for  transmittal  to  the  government. 

-L  2.  i.  1  Shiprnerrr~oy~f-hsMUi«'tior.  Units  Prior  to  Approval.  -  In 
the  event  that  production  units  are  shippeiTTrri«sc4^_^tisfactor y 
completion  of  the  component  qualification  testing.  the^^htT<7r~sfeall_be 
responsible  for  retrofitting  these  units  with  all  engineering  changes  ~~ 

required  to  duplicate  the  unit  whi*.h  satisfactorily  c  impletcs  the  component 
qualification  test,  except  those  changes  which  m  the  opinion  of  the  cognizant 
PWA  project  engineer  were  not  required  to  pass  the  qualification  test. 

These  exceptions  arc  to  be  designated  by  the  PWA  project  engineer's 
written  approval.  The  acceptance  of  limited  quantities  of  production 
units  p; ay  not  be  contingent  upon  completion  of  the  qualification  tests 
a®  sclented  in  paragraph  4.  1.  1. 


2.  2  Acceptance  Test.  -  Prior  to  delivery,  each  unit  procured 
*rcef  this  specification  shall  be  subjected  to  an  acceptance  test  as 
retifiedin  paragraph  5.4. 


'  4.  3  Design  Requirements.  -  This  section  establishes  design 

rreguir em e ri t‘s  for  the  duct  heater  turbopump  and  should  not  be 
tTonstrued  as  inspection  requirements  for  production  pumps. 

'  v 

It  may  also  be  noted  that  requirements  for  two  installations 
axe  specified  herein.  If  not  specifically  stated  the  requirement  shall 
apply.  t;o  both  installations. 

3.  1  General.  -  The  following  design  features  shall  apply; 

4.  3;  1.  1  Ail  relief,  by-pass  and  check  valves  shall  be 
designed  and  located  such  that  free  water  will  not  be  trapped  in  any 
manner  which  will  affect  normal  pump  operation. 

4.  3.  1.  Z  The  use  of  slotted  head  screws  will  not  be  permitted. 

4.  3.  1.  3  The  use  of  copper  or  copper  allots  in  areas  exposec  to 
fuel  is  prohibited. 

4.  3.  i.4  The  use  of  snap  rings  as  stressed  retainer;  is 
discouraged  and  will  not  be  allowed  in  critical  locations  where  failure  of 
the  snap  hi,ng  can  result  in  a  performance  K»ss.  A  rcv.rw,  with  PW A 
Engineering,  of  each  design  location  utilizing  a  snap  ring  is  required 
and  is  subject  to  PWA  approval. 

4.  3.  Z  Fuel.  -  The  unit  shall  operate  s>- usfactorilv  throughout  the 
complete  engine  operating  range  for  steady  state  and  trans.ent  operating 
conditions  when  using  fuels  conform ing\to  specification  MI.h-J -5o24E, 
Grades  JP— 1  and  JP-5,  having -any  ot  the  \ariau-ons  in  characteristics 
permitted  by  specification  MIL-J-562  »E  ?'  •  tr-esa  grades.  The  unu 
shall  operate  satisfactorily  under  ah  opera!  conext.  at  s  when  tVse 
absolute  fuel  pressure  at  the  fuel  inlet  corxtn  t  a*\  ic  f.  rn  a  minimum  <_>f 

5.  0  psi  above  the  vapor  pressure  of  the  fuel  uj?c:.'  vo  i>  )  psig  with  a  V/ L 
ratio  of  zero  .  The  pump  shall  also  function  satisfactorily  .hi  .nghoul 
its  complete  operating  range  when  using  grade  J  P-4  fuel  with  the 
addition  of  an  anti-icing  fluid  confirming  to  MIL-I-27o8o  at  a  e out  en  ration 
-between  0.  13  and  0.  15%  by  volume.  The  unit  shall  function  satisfactorily 
with  a  fuel  that  has  a  true  vapor  pressure  that  does  not  exceed  a.  5  psi 
at  ]75°F  and  2.  5  psi  at  25ucF. 
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Fuel  con tam i  nation;  -  The  unit  shall  be  designed  ta  operate  ; 


’•(  '• 
t  "  * 

r  i .  r 

f  .  ,;%  ‘  • 


gk: 


t  v 


F» 'ffl'b^tkmjnated'Jtiu.et  Will  not  Iri  itself  precipitate  a  sudden  pumpTaiiure 

llf&S- "t |K4  ^ns!e  gFadual  deterioration  of  pump  performance  and  abnormal1 
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pi  matter  shall  be  considered  to  consist’ 
and  shall  have  a  particle-size  analysis 


Par.ticle.Si  z  e'Mi  t,  r  0  n  s 


.0-5. 

-  .  5-10 

K><s20; 

•  2  0-40 

.  Over  40 

Th rough- a? 200-mesh  screen 


Per  Cent  of  Total 

59  ±  2  by  weight 
18  ±  3  by  weight 
16  ±  3  by  weight 
-18  ±  3  by  weight 
9  i  3  by  weight 
I  00  by  weight 


4.  3.  3  Fuel  &  Ambient  Temperature  Limits  -  The  unit  shall 
be  de'signed  to  pperate  satisfactorily  with  the  following  fuel  inlet 
temperatures  and  ambient  air  temperatures: 


Ambient.  Air  -Temp. 


Fuel  Inlet  Temp, 


as- 
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la*  -V 
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6,V. 


'i=.0s.ta.;liatidn  A. 

;f|l'hstal|!aiiq!id3; 


-65  to  550* F 
-65  to  750°  F 


-65**  to  Z50°F 
-65*- to  250°F 


*;r  ~  Ttbis  applies  for  MIL-J -5624  Grade  JP-4  fuel  only; 
when  using  MIL- J- 5624  Grade  JP-5  the  applicable 
turn perature  would  correspond  to  a  fuel  viscosity  of 
12  oentistokes. 


*  .J'K 


SV  .  Y.  \  A  Jv  ■-  -  '3;  '4-  Maximum  Pressure,  -  The  maximum  normal  operating 

§£’•■ \--f'  - -1:-,.JjFessur.e’  ofi'tli.e.  unit  be  1150  psig.  Therefore,  the  unit  snail  be 
|,y. y; V-  ’•  :-vaa|i§;bl;eypC  withstanding' without  fracture  or  permanent  deformation  2100 
|v  "  ’t£a|  | -S|aifc  jirdssuTe  On  the  nigh  pressure  side  of  the  amt  and  250  psig  on 

f-'  ^\l  •  • \th%Ih%tr 'portion  of  the  unit.  Tests  to  demonstrate  this  requirement 

|.l  il  |  -sHail;be  #ubjbCt  tq  the  approval  of  the  cognizant  PWA  project  engineer, 

"v'.-siKV’--;  f.  .ami  aha  1 1-  be  repeated  when  changes  or  process  modifications  are 

?  Incp.^p.q ratted  whichin  the  opinion  of  the  PWA  project  engineer,  might 
t*'^d:y£~Mely  affect  pump  strchgth.  Burst  pressure  tests  must  be  performed 
^-^ngone  ^ey.^(0j^ent  .toMr  to  detraction. 
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^  *  .  4^  3;  5.1  |t  is  requied' that  alt- fue.l-lp.'sai.r  seals  shall  •xeliably perform 
!jffipiX;|anction.,  No  visible  leakage  on.  static  seals  is  permissible.  • 


,4. 3.  5.  2  AVI  rotating  or  sliding  shafts  which  require  fuel-to-air  ; 
sdaljt  must  be  provided  with  dvdble  seals  withan:  inter  seat  drainto. 
qyexboaj-  i.  -The  sealing  capability  of*  the  outer  seal  must  be  no  less  than  that 
qfqfie'inhqr  sgaL at  pressure  differentials  up  to  4  0  psi.  An  exception  to  -i 
this  maybe  the  pump  turbine  air  to  overboard,  seal  which  may  be  a  control 
gap  type  seaL  Alt  leakage  past  the  primary  seal  will  either  be  discharged:  ; 
to  the  o , erboard  drain  or  to  the  turbine  exhaust  at  pressure  differentials 
up'. to  :ip  psi  with  maximum  leakage  to  the  turbine  exhaust  of  3  fluid  ; 

oz/rhinutei  -  .  ' 


3.  6  Fluid  Leakage.  -  There  shall  be  no  external  fuel  leakage 
from  the  unit  throughout  the  specified  operating  range  under  normal 
operating  conditions.  Leakage  shall  not  exceed  10  drops  per  minute 
.per  seal  and  leakage  from  the  pump  overboard  drain  shall  not  exceed 
40  crops  per  niinute.  Fuel  leakage  to  ambient  past  the  outer  sea]  in 
dynamic  seal  .applications  shall  hoi  exceed  8  drops,  min  per  seal  with 
a  minim dm  ,o£  40  psig  fuel  pressure  applied  to  the  overb uu.rd  drain 
except  xpt  the  pump  turbine  air  to  overboard  seal  which  will  have  a 
minimum  of  LO.psig  fuel  pressure  applied-  across  the  seal  and  a 
maxim  dm  leakage  of,  3  fluid  oz.  minute  i  ito  curbine  air. 


„  4.  3;  7  Unit  Weight.  -  The  weight  of  the  complete  turbopump 
shall  not  exceed  45  pounds  for  a  10,000  hour  casting  life  expectancy. 


4.  3.  pressure  Taps«  -  External  pressure  taps  shall  be  provided 
a  tithe  following-  points  through  the  pump. 


a.  Inlet  to  first  centrifugal  stage 

b.  Pump  discharge 
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4>  3.  9  Speed  Sensing.  -  Provisions  shall  be  made  to  sense  pump 
'turbine  speed.  The  location  and  design  of  the  sensing  provisiqn  shall 
be. Agreed  upon  by  the  purchaser  and  vendor. 

4.3.10  Turbopump  Air  Vent  -  Provisions  shall  be  incorporated 
to  vent  air  trapped  in  the  turbopump  permitting  normal  operation. 


4.  3.  i  1  Signal  Lines  -  F rom  50  to  30G  pph  fuel  flow  shall  exist 
at  all  times  in  fuel  pressure  signal  line  -  which  pass  through  ambient  air. 

4.  3.  J2  Maneuver  Loading.  -  When  mounted  on  the  engine  as  shown 
in  ,  -  the  unit  shall  be  capable  of  withstanding,  without  permanent 

deformation  or  failure,  the  flight  maneuier  forces  specified  in  paragraph 
3.  14  of  MIL-E- 50078  with  the  forces  acting  at  the  center  ol  gravitv  of 
the  engine. 


4.  3.  1  3  Lubrication.  -  The  unit  shall  incorporate  provisions  for 
lubrication  of  the  drive  shaft  bearings  from  the  engine  fuel  system. 


4.  3.  Id  Installation  and  Service 


4.  3.  14.  1  One  unit  is  required  per  engine.  The  mounting  provisions, 
fuel  connections  and  limiting  contours  shall  be  coordinated  with  and  approved 
by  the  PWA  Engineering  Department. 


4.  3.  14.  2  Accessibility.  -  All  parts  of  the  unit  requiring  routine 
service  checking  or  replacement  while  on  the  engine  shasl  be  made 
readily  accessible. 


* 


*To  be  supplied  at  a  lat.r  date. 
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i  tc'.i  3.1:4.'3  Mcpjkup.  -  A  mocRup  of  the  unit  shall  be  providediprior 

;  ^^^heTaeKyei^^qf  Jhe  first  -experimental -unit  and  maintained.,  which  :snai. 
i  f' ^acpur^ely,. define  the  outline,  pump-mounting  pad,  all  connections  and  tiu. 
\  tv  ^dtstrpi  mqunting  pad.  Prior  to  making  any  changes  affecting  the 
]  C;':ihsia.liaiti;b;h;pr  edy.elopt-  p.  mockup  must-be  prepared  or  the  mockup 
j  t  r|tyised.antf  subrp ittedto  PWA  Engineering.  Department  for  coordination 
^  vA.oCin5taita.tioh.  requirements.  Changes  shall  be  the  subject  of  separate 

^\iV£oi 


i  4;  3t  li4.  4  installation  Connections.  -  Where  internal  straight 

!  .screw  threads  are  provided  on  the  unit  for  the  attachment  of  aircraft 
.  ox  engineyfittings ,  the  bosses  snail  be  in  accordance  with  Drawing  AND 
f  £00.4?,.  R eV.isibn  1;  aid  sufficie.nt  clearance  shall  be  provided  for 
r  .  installing  hosS  nipples  or  flared  tube  fittings. 


1.-3.  1:5  Functional 


4.  3..  15-  1  *  Turbir 


-3... 3.  1 5.  1,  1  The  turbine  shall  be  designed  to  drive  a  dual  element 
•'  centrifugal- pump  defined  by  the  P&W.A  design  information  with  air 
f  supplied  to  the  furbopump  inlet  at  a  maximum  enthalpy  defined  by  the 
■'  ipr.essn.re?iempiirature  relationships  given  in  the  applicable  P&WA  curves. 


T  y< 


;j  j  „  4.  3..  15.  L  3  With  no  fuel  supplied  to  the  pump  inlet,  the  turbine 

!>  shall  be  aerodynamicaily  limited  to  a  speed  IZOfoof  corrected  turbine 
j  design  speed.  Fuel  will  be  supplied  to  the  bearings  to  demonstrate  this 
\  -requirement. 


[..  .  ...  4.3'.  15.  i.  3  The  turbine  shall  develop  the  required  power  with  less 

L  . rthaiv,  ]-,  5’%‘  of  the  engine  airflow  defined  by  she  P&WA  curves.  Exceptions 
:  '  must;,  be  .agreed  upon  in  writing  with.  P&WA  engineering. 
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;>  _'4i  -  3.15.1;  3.  1  The  turbine  airflow  will- be  controlled  by  a 

.t&utteffiy  valve,  at-  the  turbine  inlet.  This  butterfly  .valve  will  be 
jwli^^.fionecl  by  the  pump  speed  controller  as  a-.f  unction,  of  required  fuel 
:  4pve^qr.in£  sectioh  pressure  drop. 


•4.  3.  15...1.  3.  2  In  order  to  fully  describe  the  pressure  ratio 
across  .the  turbine,  the  turbine  discharge  will  be  directed  to  ambient  air 
pressure  which  is  a  function  of  air  supply  conditions  defined  by  the 
.applicable  P.&-WA  curves. 


4.  3.  1 5.  2  Pump 


4;  3.  15.  2.  1  The  centrifugal  pump,  defined  by  the  applicable  P&WA 
design  information,  is  based  on  a  suction  specific  speed  necessary  to 
provide  the  flows  in  paragraph  4.4. 


4.  3.  15.  3  Bearings 


4.3.  15.  3.  1  The  lubricant  shall  be  engine  fuel  supplied  from  the 
pump.  .The  vendor  shall  establish  the  required  flow  to  return  the  fuel 
to  the  system  with  a  maximum  temperature  at  the  pump  discharge  of  38Q'  F. 
No  more  than  600  pph  of  fuel  shall  be.  used  for  lubrication  of  bearings. 


4.  3.  16  Reliability  Analysis.  -  The  vendor  shall  provide  three 
copies  of  a  reliability  analysis  of  the  fuel  pump  based  upon  a  single 
failure  concept.  This  analysis  shall  be  submitted  to.  Pratt  &  Whitney 
Aircraft  for  review  prior  to  approval  of  the  design  for  manufacture  of 
experimental  units. 
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'^Vf  Performance  k  Operation  Requirements.  -  The  unit  performance 


'■  adequate  to  meet  the  following  requirements  for  either 

?  '.inftallatioa:  1  -  . 


5p  Condition 


j '  Pue  1  - 


Installation  A,  1 


Installation  B,  I- 


Temperature  75  to  85 ‘F 

;;  ?  fump  inlet  Pressure  13.  5  psia  max 

«|  Speed  -  As  Required 

j;  .  Pump  Discharge  Flow  244.  5  GPM 

Pressure  Over  Fuel 

.-  in  Tank  14.  7  PSIA 

•  Pump  Discharge  Pressure  1 1 50  PSIG  Min 

Butterfly  Valve  Inlet 
f  Temperature  <d45°F  ' 

Butterfly  Valve  Inlet 

:  Pressure  190  PSIA 


MIL-J-5624E  Grade  JP-5*-  MIL-J-5624E  Grade  JP 


045°F 


I  Condition 


Fuel 


190  PSIA 
Installation  A,  II 


75  to'  85  °F 
1  3.  5  psia  max 
As  Required 
267;  4  GPM 

14.  7  PSIA 
1150  PSIG  Min 

645°F 

190  PSIA 

Installation  B.  II 


Fuel  Temperature  75  to  85"^ 

.Pump  Inlet  Pressure  13.5  PSIA  Max 

?peed  As  Required 

r  Pump  Discharge  Flow  173.  3  GPM  . 

Pressure  Over  Fuel  In 
•  Tank  .  14.7  PSIA 

f  Pump  Discharge  Pressure  1150  PSIG  Min 

?  .Butterfly  Valve  Inlet 

s  Temperature  600°F 

.  Butterfly  Valve  Inlet 
:  Pressure  160  PSIA 


MIL-J-5624E  Grade  JP-5**  MIL-J-5624E  Grade  JP 


600CF 


r  Condition 


160  PSIA 


Installation  A,  III 


75  to  85°F 
1  3.  5  PSIA  Max. 
As  Required 
189.  6  GPM 

14. 7  PSIA 
1150  PSIG  Min 

600°F 

160  PSIA 

Installation  B,  III 


;  Fuel  MIL-J-5624  Gra 

Fuel  Tern perature  75  to  85’F 

i|  Pump. Inlet  Pressure  1  3.  5  PSIA  Max 

Speed  As  Required 

.Pump  Discharge  Flow  4.  1  GPM 

>  Pressure- Over  Fuel  In 
l  Tank  ■  14.  7  PSIA 

.Pump-Discharge  Pressure  150  PSIG 
;;  -  Butterfly  Valve.  Inlet 


MIL-J-5624  Grade  JP-5**  MIL-J-5624E  Grade  JP 


'Butterfly  Falve  inlet: 
Pressure 


600°F 


160  PSIA 


75  to  85°F 
1  3.  5  PSIA  Max 
As  Required 
4.  I  GPM 

14. 7  PSIA 
.  150  PSIG 

600°F 

. 1 60  PSIA 
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Condition  Installation  A,  IV 

+%r  7  -  “  To  1  J  "T"  T 

C  l  v  MIL  J-5624E  Qrade  JP-5** 

|Fu|lt^m|era,tufe  1 10°F  Min 


pressure  .2.  75  In  Hg  abs >£0:  45  V/7L}' 

.Speed:' 


As  Required 
108  .‘3. GPM 


:funnp  Discharge- .Flow  108.'  3  GP 

Pr ds/siire  \&ye  r~  F  del  In, 

#  8.  88  In  Hg  abs 

4?ftm,p discharge- ■  .-Pressure  800  PSIG 

Butterfly  Valve  Inlet 
temperature  -  560  °F 

.  Butlejrf  ly  '  V alv e  inlet 

'•PreVsure  '  85  PSIA 


.  Butlerf  ly  '  V alv e  inlet 
. 'Pressure v 


Installation  B,  iy 

■r  v  ->  7 

MIL-J-5624E  Grade  JP 
il  OcF  Mir.  / 

2.  75  InHg.  abs  ,{0745  ' 
As  Required 
118.  4:  G  PM 

v  •>  x. 

8.  88  In  Hg  abs 
800  PSIG 

56,0°F 

85  PSIA 


iGdoditlon 

Installation.  A,  V 

Installation  B,.  -2 

"  *'  K.  "•  :>  r  '  ' 

•F uel  ^  ' 

MIL.- J-5624E  Grade  JP-5** 

MIL-J-5624E  Grade 

;  f  uel  Tern  perature- 

250°  F 

250°F 

.Pumplnlet  Pressure 

1.  1  In  Hg  abs  {Weathered 

1.1  In  Hg  abs  (Weatl 

*  '  .  -  ^ 

Fuel,  .  45  V/E) 

Fuel  .45  V/L-) 

Speed  5  . 

As  required 

As  required 

Puinp  Disc  barge  Flow 

84.  8  GPM 

92.  7  GPM 

Pressure  Over  Fuel 

- 

: 

-  \:id  Tank  '  - 

1 .  7  In  Hg  A.BS 

•1.7  In  Hg  abs 

Pressure  Discharge 

Pressure 

400  PSIG 

400  PSIG 

Butterfly  Valves inlet. 

Tern  perature 

870°F 

870°F 

iButterf  1  v  V. a Tye  lnie t 

^pressure 

55  PSIA 

55  PSIA  -' 

Condition 

.  Installation  VI,  A 

Installation  VI, 

fuel.  MIL-J-5624E  Grade  JP-5-* 

Fuel  Temperature  250°F 

Pum.p  inlet  Pressu.e  0.  7  In  Hg  abs  {Weathered 
7  - f  '  V  r;-  ‘  Fuel,  .45  V7L) 

§P-6dd’  \  ?  -  -  As  required 

Pf hop #iacha  rg;e' Flpw  21.  0  GPM 

Fnep  s  u  r  e  7C>.y  er  F  uel  in 

-  •  -  X.  03  In  Hg  abs 

#ump;Pisc|jaf{je  Pressure  350  PSIG 
^^ferflyi^aj^e  .Inlet5  ’  :  '■ 

^.^^fep^ragare  f  -' =  ~1Q30°F 

f  **  * '  *  50  .PSIA 


MIL-J-5624E  Grade  JP 
250°F 

0.  7  In  Hg  abs  (Wcathere 
Fuel,  .45  V/  L 
As  required 
22.  9  GPM 

1.03:  In  Hg  abs 
350  PSIG 

1030°:F 

50  PSIA  . 


i^f^?»iWHTr^«;r;-Amci»SrT*:;r.  ;r  -"•' 
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The  fuel  shall  have  a  true  vapor  pressure  which  is 
not  less  than  0.  5  PSI  at  1?5°F  and  2,5  PSI  at  250°F 


!:X.  INSPECTION  AND  TEST  PROCEDURES 


...  .  -•  1  Gene  rad.  »  The  unit  shall  be  subject  to  inspection  by  authorized 

representatives  of  P&W A,  who  shall  be  given  all  reasonable  facilities  to 
deterrnine  conformance  with  this  specification.  Unless  otherwise 
s.p'e.cifically  authorized,  all  tests,  except  the  engine  suitability  test, 
shall  be  conducted  at  the  vendor’s  plant. 

5.  I.  1  Test  Position  -  The  unit  must  be  tested  while  mounted  in 
a  position  which  is  the  same  as  its  normal  position  on  the  engine. 


5.  2  Altitude  Proof  Test.  -  The  unit  to  be  used  for  this  test  shall 
be  inspected  for  conformance  to  the  vendor’s  parts  list  prior  to  assembly. 
The  unit  shall  then  be  subjected  to  an  acceptance  test  in  accordance 
with  paragraph  5.4  of  this  specification.  Following  the  acceptance  test, 
the  unit  shall  be  operated  for  five  (5)  hours  at  the  conditions  specified  in 
paragraph  5.  2.  1.  There  shall  be  no  evidence  of  external  leakage  during 
the  altitude  proof  test  except  10  drops  per  minute  or  less  at  the  drain 
provided.  Upon  completion  of  the  altitude  proof  test,  the  unit  shall  again 
be  subjected  to  the  accepimce  test  specified  in  paragraph  5.4  and  shall 
subsequently  be  disassembled  for  inspection  of  detail  parts.  This 
calibration  and  inspection  shall  reveal  the  unit  performance  to  remain 
within  a Dowa&Je  service  limits  and  all  deiail  parts  to  be  suitable  for 
continued  service  utilization. 


5,  2.  I  Altitude  Proof  Test  Conditions 


Condition 


Installation  A 


Installation  B 


Fuel  MIL-J-5624E  Grade  JP-5 

Fuel  Temperature  100°F  Min 

Pump  Inlet  Pressure  7.  5  In  Hg  abs  (.45  V;  L) 


Speed  As  required 

Pump  Discharge  Flow  188.  0  GPM 

Pressure  Oyer  Fuel 

In  Tank  2  3.  98  In  Hg 

Pump  Discharge  Pressure  1150  PSIG 

Butterfly  Vatve  Inlet. 

Temperature  635°F 

Butterfly  Valve  Inlet 
,  Pressure  1&5  PISA 


635°F 


MIL-J  -5624E  Grade  JP- 
1  00°F  Min 

7.  5  In  Hg  abs  (.  45  V-/  L 
As  required 
205.  7  GPM 

23.  98  In  Hg 
1  150  PSIG 

635“F 

165  PSIA 


PWA.'MIA  l»  *« 


fAOI  NO,  I  3 


I:'  ?,  VI 


p| 

IaJ 


l&i 

I  lf$ 


mm 
la 
|| 


'•X .. 


;:i ,  :~y 
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i.  :.'  '’ll/'-  ■  / ’*  ■  '  ~  ’A  '  -  ■ '-v  ‘  -■'  -  \  '  " 

;-..5>*3.-.J.  General  Inspection.  «  Prior  to  the  tests,  all  .paries 

||,-?>^n^as";seiji'yi«.%'Of  the  unit  .s.hali  be  inspected  to  determine  if  tjiey 
[;  ^ponfprm.do  the  .vendor's  .parts  list  and  all  requirements  of  the  contract 
|  .andl sp.ep  jficatiqns  under  which  they  were  buit  including  a  dimensional 
^ing.pectiph..  At  no  time -during,  the.aest  . shall  any  part  of-  the  unit  be 
ijiv  *Ee?npy.ed,v  disassembled,  or  adjusted  without  prior  approval  of  the 
?.-•  edgnizant  Pratt  '&  Whitney  Aircraft  project  engineer  and  the  government 
f h  spe  ctpr ..  - 


5.  3.  i  Leakage.  -  During  qualification  tests,  there,  shall  be  no 
traces  of  external  fluid  leakage  other  than  that  permitted  by  paragraph 
4U  3\  6  above. 


f-  5.  3.  3  Unit  Calibration.  -  Prior  to  and  upon  completion  of  the 

unit  qualification  tests,  the  turbopump  shall  be  completely  calibrated 
and  shall  indicate  that  the  unit  has  not  changed  Us  calibration  beyond 
allowable  service  limits.  The  same  type  fluid  shall  be  used  during 
both  calibrations. 

*  V  '  -  5-  3.  3.  1  Qualification  Test  Instrumentation.  -  Sufficient  instrurnen- 

|i; station,  shall  be  p.rovic-d  to  indicate  that  the  performance  of  all  elements  of 
£...  the  uni.t;  rernalns  within  service  limits  throughout  the  test.  Functional 
r .^cheoKi^jiaTl.  be  performed  at  the  end  of  each  test  or  group  of  tests  and 
|  "at  other  times  at  the  option  of  the  vendor. 


I|-  .  5.  3,  4  Unit  Qualification  Test.  -  The  vendor  shall  comply  with 

|t  -the-.quaUf:  cation  test  requirements  listed  below  and  the  test  shall  be 
[:•  ^c.onducted  t-  n.  the  order  listed.  Prior  to  starting  the  test,  the  vendor 
j;  shall  submit  a  detailed  outline  of  the  component  test  schedule  for  approval 
by: the  cognizant  PWA  Engineer  to  show  conformance  with  MIL-E-5C09B 
'.and  this  purchase  specification; 


5.  -3.  4,,!  Accelerated  Aging.  -  * 


p.. 3.j4VZ._  HighyTem perature.  -  * 


Foorn  Temperature  Endurance. 

~  Vj-I  >1'  i  . """"  - - -  •«’ - r~; - 
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?-Z-.  S...  -  5.  3\  4.^4  ho  W  Temperature  -  * 
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-'- >;;-% „: ’ '- -:-  .  'Sr  3.  -1.  5  Turbopump  Cavitation- .-  * 


~  s||3 .  ■ 

-  ^^W/o.Ar- 


I  V-^v.-V.  'Ills 


I|?  .  ,. .  ■  ’  .x~ •;*>-.• *» tfcSg? 


5.  3.  4;  6  Recatibration  -  * 


5.  3.4.  7  Tca.rdown  Inspection  -  * 


*To  bo,  supplied  at  a  later  date. 


5.  3.5  Reports.  -  Reports  of  unit  qualtfu anon  tests  unacr  this 
specification  shall  be  attested  to  by  an  appropriate  government 
representative  and  shall  contain,  essentially,  the  following  items: 


I  *■:«.:■.  L* 

.  ,  ?V,; 


1 .  ifi|>e  Page 


£>.  Abstract 


3V  of  illustrations 


4.  Summary 

5t.  Conclusions  and  recommendations 

-’6.7  Description  {General  description  oi  ’he  unit  titd  detailed 
description  of  novel  tea  lures) 


.7.  Method  of  test  (general  description  ..if  test  equipment 
and  procedure) 

8.  Record  of  test  { c h ron o! og i caf'h: story  of  ah  events 
in  connection  with  ail  of  the  testing) 


H.  Analysis  ot  results  complete  discussion  ol  all  phases 
of  thi  lest,  such  as  probable  reasons  for  failure,  unusual 
wear,  and  analysis  of  general  operation) 


.  -4 


mwzm 


. '  \^yy*wrt%r*9*y*i&s$fr*9 

'  r-' '  ' 
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'  fr'"rh,.~  "a 


10.  Calibration  and  recalibration  da  ta..  Suitable -curves, 
defining  the  unit  performance  before  andlafter  the: 

'  qualification  test  shall  be  provided.. 

.  v  _T  *>  v  ■  '  ' 

M.  Data.  Copies  of  all:  original  data  sheets  shall  be 
submitted  up»«n  request.  Tabulated  data  shall  be 
1  sufficient  to  ascertain  compliancy  witk  the  qualifi¬ 
cation  lest  requirements  of  the  specification  and 
•5  shall  include  at  least  the  following:  ,  - 

Type  and  serial  number  of  .nit 
Date  and  time  of  ua  y. 

To  tal  endurance  time  and  number  of  functional  cyvles 
Fuei  (type,  actual  specifi •.  gravity.  &  viscosity) 
Barometer  reading 
Ambient  temperature 
'Fuel  Inlet  temperature 
’Pump.  Iniet  pressure 
Pump  discharge  pressure 

12.  Photographs  sh.  wing  general  unit  condition  and  details 
of  alp  failures  and  unusual  wear  «  onaiti  »n.». 


'  .  5"*  4  Acceptance  Test.  -  Each  unit  shah  be  subjected  to  an 

aece ptphee  ie str perform ed  by  the  venuor  to  determine  that  each 
unit  wifi  rrieet  the  functional  requirements  established  by  this  specifica¬ 
tion.  The  acceptance  test  schedule  and  calibration  limits  ant.  changes 
iherejto  shai.  require  written  appro\al  by  the  cognizant  PRATT  & 
WHITNEY  AIRCRAFT  project  engineer. 


f  :  5;  4-.  1  Unit  Inspection.  -  Units  shall  be  inspected  for  conformance 

with  the  vendor's  parts  list  currently  released  to  produc lion  by  initxa. 
release  or  revised  by  subsequent  engineering  change. 

5.  i.  2  Pressure  Test.  -  AH  unit  assemblies  or  component 
castings,  covers  and  enclosures  of  the  unit  shall  be  subject  to 
J  75D  psi  on  the  high  pressure  side  of  the  system  ant’  250  psi  on  the 
ipl'et  or  interstage  portion  without  fracture  or  permanent  deformation. 
Tfi'e  turbine  section  shall  be  subjected  to  500  psi  without  fracture  or 
permanent  deformation.  _ 
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than  the  date  on  which- 


the-:f^^dtija  1  Is*  r-ece  iyed. 


hu  1  V'~?*3ftDOft  RESPONSIBILITIES 


b.  T  At  ilrg' request,  of  PWA  Engineering,  the  vendor  shall  supply 
-thE? sS:CO pies  oT  a  .reliability.anaiysis  report  of  the  unit  cased  on  a 
sjrhjijj.  failure  cemcep 
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.  r-  vh>.  2  Prior  to  acceptance  of  the  Qualification  test  on  the  unit  the 
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vencS'l1  shall  be  re-ponsiiite  for  making  changes  and  supph ;  ig  hardware 
for;  correcting  deficiencies  found  in  the  development  units,  if  a  change 
df^Febutremenls  is  made,  costs  arising  from  sin  h  changes  wilt  be  subjec 
td  separate  negotiations,  in  >rner  to  support  the  cevelopment  units  the 
-vendor  -shati  lriaintain  or  shaLI  be  able  u<  obtain  in  a  reasonable  time, 
ipar'e-parts  for  procurement  bv  PWA. 


d.  3  The  vendor  shaft  give. full  support  to  the  development  program 
by  pYpvidiiig  ar,  adequate  engineering  development  effort  '  huh  shah 
Incite  bench  development  and  enduram  e  tests  on  pumps  to  insure  satis¬ 
factory  operation  of  the  unit  at  Pv‘,  A  both  on  the  bench  and  engine  to  the 
requirements  listed,  in  this  ^specification.  An  outisne  of  the  vendor’s 
proposed  development  program  shall  be  forwarded  to  PWA  prior  t.  the 
iastfanci'  of  any  purchase  orders  for  units. 


b.4  The  vendor  Sha.i  be  responsible  for  retrofitting  of  ah 
experirneniai  un.'ts  with  all  engineering  changes  required  to  duplicate 
the  umi  Which  satisfactorily  completes  the  appropriate  qualification 
tests,  except  those  changes  which  m  the  opinion  of  the  cognizant  Pratt 
-Jjf.'UEhltjiey  Aircraft  project  engineer  were  not  required  to  pass  the 
Appropriate  q.u'sS if icatP'th  tests.  These  exceptions  are  to  be  designated 
by  iJijj  Pratt  £  Y/hitncy  Aircraft  . project  engineer's  w  ritten  approval. 
i|3e)ivery  schedule  at  retrofit  parta  tr.ast  be  in  accoruance  with  engine 
dbb'elPprn ebt  schedule.  ; 
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ITEM  11  -  BEARING  AND  SEAL  DEVELOPMENT 


OBJECTIVE 


This  item  of  the  contract  required  Pratt  L  Whitney 
Aircraft  to  conduct  testing  and  determine  the 
suitability  of  bearings  and  seals  designed  for  the 
SST  engine  application.  The  objectives  of  the 
bearing,  test  program  were  to  study  the 
performance  and  fatigue  characteristics  of 
candidate  bearings  and  bearing  materials,  and  to 
determine  the  effect  of  applied  loads,  temperature 
environments,  and  lubricants  on  bearing  life 
expectancy.  The  data  will  be  used  to  finalize  the 
bearing  materials  selection  and  bearing  compart¬ 
ment  design  for  optimum  performance  and  long 
life.  The  objective  of  the  seal  development  pro¬ 
gram  was  to  determine  the  seal  design 
parameters  necessary  for  reliable  operation  and 
long  life  at  SST  operating  conditions. 


A.  BEARING  DEVELOPMENT 
1.  INTRODUCTION 

The  first  of  the  bearing  development  programs  scheduled  under  the 
Phase  IIA  contract  involved  the  continuation  of  endurance  testing, 
to  determine  the  fatigue  life  and  suitability  M  M-50  and  WD-6S 
bearing  materials.  The  endurance  program  had  been  initiated  under 
a  previous  one-year  contract;  however,  the  anticipated  number  cu 
test  hours  were  run  without  producing  any  fatigue  failures,  and  it. 
a  result,  only  figures  indicating  a  minimum  B-10  life*  couic  be 
determined. 

T  e  prime  reason  for  the  fatigue  testing  of  full-scale  bearings  under 
Si.  ulated  SST  operating  conditions  is  to  establish  the  expected  me 
of  the  material.  This  in  turn  dictates  the  useful  life  of  the  bearings. 

An  equally  important  output  of  this  testing  is  the  reliability  factor  of 
the  overall  bearing  for  long  time  maximum-condition  operation. 

Several  factors,  discussed  below,  have  become  evident  in  these 
programs  and  will,  require  further  evaluation  in  future  programs. 

*  B.-10  life  is  the  life  expectancy  of  9Q%  of  the  items  in  a  aeries  of  test  bearings. 
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The  intent  of  this  program  was  to  increase  the  number  of  test  hours 
bn  the  bearings  run  in  the  first  year  program  in. an  attempt  to  obtain 
actual  fatigue  failures  for  use  in  accurately  determining  B  - 10  life 
father  than  using  a  minimum  value  which  must  be  used  when. no 
failures  are  realized. 


A  second  phase  of  the  bearing  program  was  to  obtain  a  performance 
evaluation  of  main  shaft  thrust  bearings  which  approximate  the  size 
to  be  used  in  the  SST  engine.  The  data  obtained  during  test  of  these 
bearings  will  be  significant  to  the  early  establishment  of  performance 
changes  from  predicted  data. 


2,  DESCRIPTION 


Components 


The  bearing  design  selec  '  r  fatigue  failure  testing  was  an 
angular-contact,  ball-thr  /pe  reflecting  an  advanced  state-of- 
the-art  for  high-temperaiu.e,  aircraft-quality  bearings.  The 
bearing  materials,  either  M-50  or  WD-65,  were  also  chosen  on  the 
basis  of  advanced  technology.  The  M-50  material  is  currently  in 
production  and  is  stabilized  for  operating  temperature  up  to  600°F, 
with  the  possibility  of  development  to  8C0°F.  The  WD-65  material 
is  a  candidate  bearing  steel  developed  by  the  Crucible  Steel  Company 
under  contract  to  the  Air  Force  for  application  in  oil  temperatures 
to  800°F.  A  typical  bearing  used  in  the  test  program  is  shown  in 
Figure  11-1.  A  description  of  the  two  bearings  tested  in  this  program  is 
presented  below: 

Type:  ABEC  #7  duplexed  angular  contact,  ball 

thrust  bearing. 


Material: 


Balls  and  Races  -  CVM  M-50  (PWA  725) 
steel  melted  by  the  consumable  electrode¬ 
vacuum  melt  procedure  and  stabilized  for 
600°F. 


b)  Balls  and  Faces  -  WD-65  steel  melted  by 
the  consume  ble  electrode  vacuum  melt 
process  and  stabilized  for  800°F 


c)  Retainer  -  both  bearings  -  one  piece, 
machined,  AMS  6415  steel  with  .  001  ■ 
.  002  silver  plate. 
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'  125  mm  -bore  x  190  rnm  OD  x  32.  S'-tram  width, 
split  inner-race  construction.  Xwenty^one 
•  0.;8'125  inch: diameter  bails**  'G.dntact.angle! 
of  23.  O' To  2T.  6  degfees. 

''  .  'dS., 

205  mm  bore  x  315  mm  OD  x  46  mm  width, 
split  inner  rac.e  construction.  Twenty  1.3125 
inch  diameter  balls..  Contact  angle  of  23.  5° 
to  26.  56. 


21,000  pounds  for  a  single  bearing  as  calcu¬ 
lated  by  the  AFBMA  (A>nti-Friction  Bearing 
Manufacturers  Association)  Standard  Method. 
This  is  the  load  for  a  10  percent  life  of  10^ 
cycles  or  revolutions  of  the  inner  race. 

45,400  pounds  for  a  single  bearing  as  calcu¬ 
lated  bv  the  AFBMA  (Anti-Friction  Bearing 
Manufacturers  Association) Standard  Method. 


The  rig  used  for  bearing  endurance  evaluation  was  designed  to 
simulate  conditions  of  speedy  thrust  load  and  temperatures  at  levels 
representative  of  actual  operation  in  an  SST  engine.  A  schematic 
diagram  of  the  rig  is  shown  in  Figure  11-2,  The  major  components 
of  the  rig  include  a  drive  shaft,  a  hydraulic  piston  load  cylinder, 
front  and  rear  bearing  housings,  a  thrust  ring,  front  and  rear  covers 
and  an  exterior  case. 

The  desired  load  was  applied  to  the  bearings  through  a  hydraulic 
load  cylinder  built  into  the:  rear  cover.  When  pressurized,  the 
piston  applied  load  to  both  bearings,  one  opposing  the  other,  through 
the  strain -gaged  thrust  ring.  The  rear  housing  was  free  to  move 
forward  and  load  the  front  bearing  against  the  stationary  front  housing. 

Bearing  lubrication  was  accomplished  by  directing  a  jet  of  oil  at 
rotating'  scoops  which  feed  the  oil  to  the  split  in  the  bearing  inner 
d’a'CQS  through  axial  grooves  in  the  hubs.  This  method  duplicated  die 
ierigine  design.  The  oil  was  drained  from  the  rig  through  a  series  ci 
holes:  located  at  the  bottom  of  the  bearing  cavity. 
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The  te st  f ac ility  used  for  bearing;  endurance  evaluation  is  shewn  in 
.  Figure  If-: 4.  The.rig  was  driven  in  this  stand  by  a  variable  speed 
.electric  motp.rthfough  a  step- up  7.1  ratio-gearbox,  to  obtain  the 
desired  speed-  range.  Coupling  of  the  rig  and  gearbox 
ij.y.  rheans  .pf  a  .quill  shaft  to  accommodate  any  misalignment. 
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Therm ocouple s  were  installed  in  the  oil-in  and  the  oil-out  lines 
' "  ancf  on  The.bearing  races  to  monitor  temperatures.  Accelerometers 
We.fe  mbunted  in  the  horizontal  and  vertical  plane  on  both  end  covers 
to  monitor  for  bearing  failures.  The  read  outs  for  these  units  were 
calibrated  to- record  a  fatigue  failure  at  full-scale  deflection. 

Pressure  gauges,  speed  counters,  and  other  instrumentation  normally 
^associated  with  a  test  facility  were  used  as  required. 

'  Strain  gages  were  installed  in  the  bearing  outer  races  for  the  calibration 
tests  in  order  to  determine  the  ball  pass  frequency  of  the  bearings  which 
mturn  . would  indicate  when  the  bearing  was  in  a  skidding  condition.  The 
bearings  :wei;e.iiibricated  with  PWA  521 -A  oil  at  250 “F  using  a  con- 
1  iventiphaFs team-heat  exchanger. 

Heating:  of  the:  bea ring  lubricant  was  accomplished  with  a  rotating 
'•arf}fin=‘t^pe. oil .iifeater,  as  shown  in  Figure  11-5.  The  heater  supplied  . 
’  :  Jth;e  required  quantity  of  PWA >5 24  oil  to  the  rig  test  machine  aV.  500°F 
\  Twithout-s ubje-dting.  the  oil  to  high  localized  temperature;  however, 

.^ue  -tOjia ^malfunction,  immersed  rod  heater  units  were  used  for  oil 
Lheatihg-during  the  latter  part  of  the  test  program. 

3;  METHOD  OF  TEST 

Tfw»  mpthf>d  used  to  induce  bearing  fatigue  failure  consisted  of 
7  ginning;  the  bearingsTat  12,  000  rpm  with  a  thrust  load  of  5900 
pounds  .using' PWAr524  oil  at  an  average  oil-in  temperature  of 
'  "  50p>Fi  The" SpPt}; pound  thrust  level  was  established  by  assuming 
r  a  1'6  fperejeni  .life  of  100  hours  and  tnen- calculating  the  corresponding 

7 lo4'4:%7i^BWA--f'orrhiila.  The  rig  speed  was  established  at  a 

felatiydl.y  high  level  toac  count  for  the  .use  of  test  bearings  which 
had  a  srhkiier  diameter  than  that  of  the  SoT  engine  bearing.  The  oil 
:^gfgft^iiwas,established  at  500 °F  as  an  approximation  of  the  . 

-  7  pbak  expecte^  bulk  pii  temperature  in  the  SST  engine.  Thp  end 
'*  product  of  the  test  methodology  was  an  umber  which  designated  the 

life  to  thp  bearing, life  predicted  by  the 
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fvj  ''*-'  w^re;  Bering  race  temperature  and  accelerometer  readings.  The  , 

g?7',  •'- we^?  monitored  to  protect  against  possible 
^  oyertempbraturing  due  to  oil  starvation  or  other  cause.  As  noted 
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\  ^preyip.usiy,  the  accelerometers  were  calibrated  to  indicate  a 

~  ^bearing;  fa.tig  ue  fail  lire. 
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The  method  used  to  evaluate  the  performance  of  the  main  shaft  duplex 
thrust  bearings  under  various  engine  operating  conditions  consisted  of 
varying,  the  factors  of  load,  speed,  and  oil  flow  over  a  wide  range.  Test¬ 
ing  in  this  manner  allowed  data  to  be  generated  on  race  temperatures, 
heat  rejection  and  scavenge  oil  flows  as  a  function  of  the  load,  speed, 
and  oil  flow  \ariables.  Data  on  the  bearing  skidding  characteristics 
was' also  obtained.  These  bearings  were  lubricated  with  PWA  52iA  oil 
so  that  "a  direct  correlation  of  performance  could  be  made  with  present 
advanced  engine  main  shaft  thrust  bearing  data. 

i 

» 

The  major  pieces  of  data  recorded  during  this  testing  included  bearing 
'  race  temperatures,  speed,  load,  cage  speed,  oil  flows,  and  oil  tem¬ 
peratures. 

TEST  RESULTS 

During. a  previous  SST  contr  ict,  bearings  made  from  M-50  material 
were  subjected  to  a  comple  ^  calibration  to  establish  feasibility  and 
‘ performance  baselines.  Analysis  of  the  bearing  endurance  data  in¬ 
dicated  av fatigue  life  1.94  times  the  predicted  life  based  on  the  assump¬ 
tion  that  10  percent  of  the  bearings  were  ready  to  fail;  however,  this 
value  was  considered  conservative  since  no  actual  fatigue  failures 
were  incurred  during  the  testing.  The  lack  of  a  clearly  defined  fatigue 
failure  necessitated  the  use  of  a  minimum  rather  than  actual  life. 

Six  M-50  material  bearings  were  endurance  tested  for  1202.0  additional 
hours' under  the  Phase  II- A  contract,  again  without  any  fatigue  failures. 
Because  of  the  method  of  establishing  Weibull  distribution,  the  additional 
running  timer  did  not  substantially  increase  the  statistical  fatigue  life  of 
idie -subject,  bearings.  However,  as  shown  on  Figure  11-6,  the  added 
'  time  gives  further  indication  that  the  life  expectancy  of  the  bearings  will 
be  higher  than  the  predicted  life.  Further  testing,  especially  the 
-reoccurrence  of  a  fatigue  failure  in  the  remaining  six  bearings,  will 
f  strengthen  the  statistical  probabilities.  The  endurance  test  times 
faccumulaited  on  M-50  material  bearings  are  tabulated  below: 
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A  previous  SST  contract  also  covered  the  test  evaluation  of  main  thrust 
bearings  made  from  WD-65  material.  This  endurance  program  was 
.conducted  u_der  the  same  speed  and  load  conditions  used  for  test  of 
M-50  bearings;  however,  several  test  suspensions  were  encountered 
due  to  low  oil  flows,  resulting  in  an  unrealistic  B-10  life,  according 
to  the  Weibuii  distribution,  of  62  hours.  The  effect  of  lubricant  diffi¬ 
culties  on  the  bearings  is  shown  in  Figures  11-7  through-  11-9.  These 
problems  were  alleviated  by  the  establishment  of  a  100-hour  operating 
time  limit  on  the  lubricant  and  by  increasing  flow  to  the  test  bearings. 
The  testing  was  completed  without  an  actual  fatigue  failure  of  the  WD- 
65.  bea,  rings. 
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xEight  WDt65  bearings,  were  endurance  tested  for  1406  additional 
hours  under  the  Phase  II- A  contractual  program.  Figure  11-10 
„  shows  the  results  of  the  endurance  testing  at  the  end  of  the  previous 
year  contract  along  with  further  test  results  obtained  during  the 
current  .-Phase  It- A  test.  The  highest  predicted  B-10  life  of  193 
hours,  -based  on. testing  of  the  last  eight  bearings,  is  considered 
conservative  in  that  no  failures  occurred.  The  endurance  test 
times  accumulated  on  WDt65  bearings  are  tabulated  below: 
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Resting  h^s  established  that  serious  consideration  may  be  gWen 
to  the  us^  of  these  bearings  in  an  SST  engine  with  the  expectation 
that'  after  additional  dev-eiopment  the  bearing  durability  will  be 
c9tp™ens urate  with  those  in  present  production  ev,ines.  The 
endurance  programs  have  also  indicated  the  necessity  for  an 
adequate  faii-ssfe  type  lubrication  system,  operable  with  an  oil 
dr  at  a  temperatdie  level  without  producing  sludge  or  causing 
oxidation  of  the  lubricant. 

Tests  on  a  duplex  set  of  large  thr-ist  bearings  has  yielded  an  insight 
info  possible  problems  involved  in  operating  a  bearing  of  this  size. 
Should  a  major  problem  develop  with  these  bearings,  its  cause  would 
originate  in  the  cage,  particularity  in  the  balance  requirements  for  this 
design.  This  reasoning  is  based  upon  the  fact  that  uneven  wear  was 
discovered  on  the  cage  inner  land  ridiig  surfaces  during  a  post  test 
inspection  -  indicating  a  '-alar.ce  problem  with  this  cage. 

Although  further  testing  is  necessary,  data  from  th.e  first  calibration 
appears  to  show  agreement  With  predicted  values  for  bearing  heat 
rej'ection  and  skidding  tendencies. 

6.  RECOMMENDATIONS 


As  the  result  of  the  bearing  development  testing  noted  c  hove,  this  Con¬ 
tractor  recommends: 


Continuation  of  endurance  testing  until  actual  B-i.0  bearing  lives 
are  determined, 

Improvement  of  lubrication  to  provide  longer  sludge-free  opera¬ 
tion, 

Development  of  fail-safe  systems  for  lubrication  of  bearings, 

Continuation  of  cage  development  v/ork  to  obtain  a  reliable  retainer 
Which  will  be  tolerant  of  sludge  and  low  oil  flow,  and 

Continuation  ui  development  work  on  bearing  designs  to  obtain 
optimum  geometric  features  for  actual  bearing  designs. 

Further  evaluation  of  cage  balance  requirements. 
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B.  BEARING  MATERIALS 


An  investigation  of  the  ball  fatigue  life  of  bearing  materials,  as 
affected  bythe  choice  of  lubricants  and  solvents,  was  undertaken  under 

this  contract  to  determine  the  penalties  incurred' by  die  use  of  present 
mid-temperature  range  lubricants.  The  investigation  was  considered 
significant  id  the  SST  engine  as  a  method  of  isolating  the  most-promis¬ 
ing  candidate  oils.  - 


The  testing  was  conducted  with  half-inch  diameter  CVM  M-50 
material  balls.  The  fatigue  life  of  *hese  balls  in  MIL-L-7308D 
oil  was  used  as  a  standard. 
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The  ball  fatigue  rig,  as  shown  ift  Figure  11-13,  is  a  machine  in 
which  a  single  ball  of  material  can  be  run  under  closely  monitored 
conditions.  The  test  ball  was  held  between  two  races  by  a  flat-  _ 
plate  bronze  cage  and  loaded  through  the  upper  race  by  a  hydraulic 
load  piston  on  top  of  the  rig.  Figure  },1-14  is  a  schematic  of  the  rig. 
The  rig  was  driven  at  approximately  7600  rpm  by  an  electric  motor 
through  a  belt  and  pulley.  Lubricating  oil  is  supplied  in  excess  to 
each  contact  point  between  races  and  ball.  The  oil-in  temperature 
was 'held  at  300°F. 

Facilities 


A  total  of  five  rigs,  as  shown  in  Figure  11  —  15,  cvere  utilized  for 
this  program.  To  facilitate  identical  operating  conditions,  the  rigs 
have  common  toad  and  lubricating  systems. 
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•3?;,  method  of  -test 

Eor  each  test,  a  batch  of  15  balls  were  run  until  failure  or  20  hours* 
.whichever  occurred  first-  Each  rig  h^d  an  accelerometer  used  as 
a  failure  indicator  to  shut  off  the  rig  when  a  predetermined  vibration 
level  was  reached.  The  number  of  cycles  for  each  ball  was  computed 
and  plotted  on  a  VVeibull  curve  to  give  a  B-10  life,  which  is  the  life 
expediency  of  90%  of  the  balls  in  any  given  batch. 

A  * 

4.  TEST  RESULTS 
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JTo  date,  MIL-L-7808D,  Mobil  Jet  2,  Texaco  SATO  5180,  and  PWA 
-S24  {Polyphenyl  ether  Skylube  600}  have  been  tested  at  300 ''F.  The 
B-10  lives  were:  15.7  x  )<>°  cycles  for  the  MIL-.L-78GSD,  13.6  x  10^ 
cycles  for  the  Mobil  Jet  2,  2.  93  x  10^  cycles  for  .‘he  Texaco  SATO 
5i&0,  and  7.  3  x  10^  cycles  for  the  PWA  524.  Figures  11-16  through.  . 
11 — 19  show  the  Weibull  plots  of  thes.e  .runs.  - — . 
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The  running  time  required  to  test  these  four  oils  was  as  follows:  180 
hours  for  MIL.-L- 7808D,  213  3/4  hours  for  the  Mobil  Jet  2,  124.9  hours 
for  the  Texaco  SATO  5180,  and  124.  6  hours  for  the  PWA  524. 


5.  DISC  USSION  OF  R  ES  ULTS 
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The  Texaco  SATO  5180  lubricant  is  definitely  inferior  to  the  standard 
MIL-’-L-7808D  lubricant.  There  is  no  significant  difference  in  the 
Mobil  Jet  2  and  MIL-L-7808D  lubricant  when  the  normal  90%  confidence 
level  is  established.  PWA  524  lubricant  is  somewhat  lower  in  life  than 
the  standard.  It  should  be  noted  here,  though  that  300°F  represents  the 
higher  limit  of  operation  of  the  type  II  oils,  whereas  the  PWa  524  can  be 
operated  to  at  least  600  °F<  The  significance  here  is  that  there  are  no 
appreciable  fatigue  life  penalties  incurred  with  the  use  of  PWA  524  oil. 


6.  RECOMMENDATIONS 
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The  data  indicates  that  the  Texaco  SATO  5180  lubricant  is  inferior  to 
other  type  II  oils  and  its  use  should  be  discontinued.  If  temperature 
levels  for  the  lubricant  cannot  be  lowered  sufficiently  to  permit  the  use 
of  type  H  lubricants t  PWA  5Z4  can  be  used  without  a  materials  fatigue 
life  penalty  ratio. 
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C.  SEAL  DEVELOPMENT 
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1C  INTRODUCTION  _  -  • 

•  '  ....  \ 

Programs  were  run  prior  to  the  Phase  II-A  contract  to  establish  the 
feasibility  of  using  face  type  seals  in  an  SST.  engine  application. 

AS:  reported  in  reports  P-WA  2222  and  2353,  -these  seals 
operate  well  an-d  have  reasonably  low  wear  rates;  thereby 
definitely  establishing  the  feasibility  of  these  seals  for  the  SST. 
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The  testing  during  Phase  IIA  was  directed  at  completing  the 
evaluation  of  alternate  high  temperature  seal  materials  and  designs 
and  establishing  low-pressure  seal  performance  for  normal  engine 
operation-using,  seal  pressurizing  schemes. 

Beiiuwis  -^cajs-ar-c- of. interest  for  an  SST  engine  application  because 
of  the  elimination  of  secondary  seal  leakage.'  This  factor. is;. important 
in  improving  lubricant  life  from  the  standpoint  of  oxidation  and  fire 
resistance.  Tf  an  inert  system  were  considered  for  the  SST,  ex¬ 
tremely  low  leakage  would  be  necessary  to  make  the  seal  practical 
from  consideration  of  inerting  gas  storage  and  usage  rate. 


2.  DESCRIPTION 


a.  Component 

The  seals  tested  in  this  program  were  the  face  type  with  P03XHT 
Carbon  sealing  surfaces.  The  first  four  builds  used  a  seal  assembly 
with  pistoh  ring  secondary  seals  and  coil  springs  for  statically 
loading  the  seal  against  the  mating  surface.  Builds  5  and  6  .were 
run  with  a  bellows  type  seal  in  which  the  bellows  formed  the  secondary 
seal  and  also  provided  the  necessary  static  loading. 

The  seal  plates  were  the  flame  plated  oil  cooled  type.  The  first  form 
tests  used  the  wet  face  type  plate  in  which  the  cooling  oil  is  led  directly 
to  the  sealing  interface  for  cooling  and  to  provide  vhe  necessary  oil 
filni  to  Create  a  hydrodynamic  bearing.  The  last  two  builds  used  a 
dry  face  type  seal  plate  in  which  the  oil  is  led  directly  through  the 
seal  plate  for  cooling  only. 

I^i§hre- 1  i - 20  shows  both  types  of  seal  used  in  this  program. 
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-  ?'°r •  t^ls,'Pr<?g3f>anci  .was  designed  so  that  simulated  SST 
^  and  °P‘e?atihg  conditions  could  be  imposed 

U^v^:  Tiievcompon.eni  parts  o£  the-*fg  are  shown  in 

•ZT  -  ani^nnl'^*  InStru™e^ion  necessary  for  recording  pressures 
:.  .  ^  -^temperatures- was  installed  in  the  rig  in- the  appropriate  areas 


The- rig  mounted  in  the  test  stand  is  shown  in  Figure  11-22.  This 
stand  had  the  equipment  necessary  to  supply  an  adequate  quantity 
of  oil  and  air  to  the  rig  at  the  proper  temperatures  and  pressures. 

THeair  was  heated  by  a  hot  wire  heater  to  a  1600°F  limit  A 
cajrod  boost  heater  raised  the  temperature  of  the  oil,  as  it  came  from 

’SW-A  W48Jf  Steam  heat6r*  fr0m  300:to  500°F-  The  oil  used  was 

b24.  The  rig  was  driven  by  an  automobile  engine  through  a  1 2- 1  ratio 

-a  ep_up  gearbox.  The  rig  instrumentation  was  furnished  as  a  part 
o  the  stand  or  sdpphed  as  speciaLeq.uipmejit^ _ 

3.  METHOD  OF  TEST 

°f  for  th'  Pha«  “A  program  consisted  primarily 

of  establishing  initial  seal  performance  by  running  several  check 

points  and  comparing,  seal  leakage  with  baseline  data.  Once  the* 
seal  performance  was  established,  the  endurance  program  was 
stated,  and  readings  were  taken  at  regular  intervals  to  monitor 
-*;*  temPeratu*<?>  pressure,  and  leakage;  and  oil  temperature 
pressure,  and  flow.  All  other  readings  normally  associated  with  a 
test  program  were- also  monitored. 


“Sr-W°“  rUn  ^  «"*  -  ««>  tests 


-Speed 

Air  Pressure 
Air  Temperature 
Oil  Temperature 


U,  500  RPM 
150  psig 

900°F  minimum 
500°F 


For  hhe  fourth  and  sixth  tests,  the  test  conditions  were  reduced  to  values 
noted  below  to  simulate  environmental  conditions  which  will  exist  in  a 

Ian- discharge  pressurized  seal  compartment.  The  conditions  for  these 
tests  were. as  follows. 
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-  -Speed 

~-  ;  Air  Pressure 

Air  Temperature 
Oil  Temperature 

■  4.  •  TEST  RESULTS 


12,  500  RPM 

40  psig 

800CF 

400°F 


Six  tests  were  run  during  this  program  in  which  variations  in  operating 
conditions  and  alternate  high  temperature  carbons  were  evaluated.  The 
results  of  these  tests  are  tabulated  below;  results  of  seal  tests  completed 
during  the  Phase  II  contract  are  also  listed  for  comparison. 

Phase  1IA  Results 
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Build 
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(hours) 
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1 

Wet  Face 

P03XHT 

.  200 

11. 01) 

150 

Exc  ess 

2 

Wet  Face 

P03XHT 

.  130 

8.  25 
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Dry  Face 
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64.  5 

40 
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Type 
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W et  Face 

CDJ-83- 
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27 
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Dry  Face 
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30 
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The  general  trend  of  the  data  indicates  a  significant  difference  in  wear 
rates  based  on  the  material  used.  Apparently,  the  PQ3XHT  carbon 
experienced  some  difficulty  when  running  with  PWA  524  oil  at  5Q0°F 
which  CDJ-83  carbon  did  not.  A  comparison  of  the  above  tables  in¬ 
dicates  that  wear  rates  were  significantly  higher  with  seals  using 
P03XHT  carbon,  regardless  of  operating  conditions. 

5.  DISCUSSION  OF  RESULTS 
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The  tests  conducted  during  Phase  IIA  contributed  to  the  general  SST 
development  program  by  establishing  that  the  present  wet  face  seal 
designed  in  this  program  is  satisfactory  for  use  in  the  early  develop¬ 
ment  phase  of  an  SST  engine.  A  factor  which  may  be  contributing  to 
the  higher  wear  rate  noted  in  P03XHT  carbon  is  that  it  ic  somewhat 
more  porous  than  CDJ-83.  As  a  result,  oil  may  be  oxidizing  in  the 
asperities,  causing  wear.  The  carbons  used  in  these  tests  were 
sent  to  the  Material  s  Development  Laboratory  to  determine  whether 
oxidized  oil  or  other  substances  exist  in  the  carbon  structure.  Pro¬ 
grams  are  being  set  up  using  prepared  specimens  which  may  be  use¬ 
ful  in  making  a  more  positive  analysis. 

The  possibility  of  oil  oxidation  was  discernable  only  as  a  result  of  the 
pr pgr es s  jnade  in  overcoming  the  sludge  and  coking  problems  encountered 
during  a  previous  study  contract. 

The  significant  drop  in  wear  rate  of  the  carbon  at  the  lower  pressure 
levels  in  the  wet  face  seal  indicates  a  definite  advantage  can  be  realized 
by  incorporating  pressurized  and  vented  seal  assemblies. 

In  the  dry  face  seal,  the  wear  rates  are  high  and  therefore  the  varia¬ 
tion  in  wear  at  the  two  pressure  levels  must  be  considered  inconclusive. 
There  are  definite  indications  that  optimization  of  the  seal  balance  and 
spring  load  (for  the  operating  conditions  and  the  lubricant)  are  critical 
factors  towards  obtaining  a  reliable  long-life  seal.  Improper  seating 
forces  can  either  destroy  the  air  film  between  the  seal  and  seal  plate 
and  cause  hard  rubbing  and  high  wear,  or  allow  the  seal  to  float  away 
from  the  seal  plate  and  permit  high  leakage  rates. 

•  The  significant  decrease  in  wear  rate  of  the  seal  at  40  psig  compared 
to  150  psig  suggests  that  a  decrease  in  wear  rate  can  also  be  expected 
with  seals  having  CDJ-83  carbon.  Variations  in  seal  performance  be¬ 
tween  tests  also  suggest  that  secondary  variables  have  a  more  significant 
effect  oigtfee  seals  at  the  SST  operating  conditions  than  in  current  ad- 

-  vanced  engine  seal  applications. 
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&;.  RECOMMENDATIONS  -  ' 

'The  test  results  point  out  the  necessity  for  a  continued  seal  develOp- 
’"ment, pro  gram  in'  which  all  the  aspects  of  geometric  variations, 
materials  combinations,  cooling  and  lubricants  are  investigated.  New 
and  advanced  sealing,  concepts  must  also  be  studied  along  with  methods 
of  achieving  minimum  leakage  seals  for  use  in  inert  gas  systems. 
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Long-time  endurance  runs  are  required  on  all  potential  seals  for  use 
-in  an  SST  engine  in  order  to  establish  durability,  reliability,  and. 
potential  time  between  overhaul. 


D.  RING  SEAL  DESIGN 


INTRODUCTION 


The  reason  for  this  work  is  to  develop  a  ring  seal  design  that  will  per¬ 
form  satisfactorily  at  higher  rubbing  speeds  required  in  the  SST  engine. 
The  higher  rubbing  speeds  are  a  result  of  larger  diameters  and  higher 
rpm.  The  geometry  must  be  such  that  the  seal  will  fit  in  the  allowable 
space,  and  the  wear  rates  obtained  under  conditions  of  higher  pressure 
and  temperature  must  be  low  enough  to  insure  long  life. 

i7  DESCRIPTION  ~~  ~  ^ 


Component 


The  component  tested  was  a  carbo..  r;ng  seal  with  geometric  and  design 
variations  as  shown  in  Figures  11-23  and  11-24. 

Two  seal  types  are  being  evaluated,  the  r-»  .'al  groove  type  and  the 
circular  groove  type.  The  seal  plates,  against  which  the  seals  mated, 
were  of  Haynes  Stellite  63  alloy  of  three-quarter  inch  thickness  to 
provide  a  heat  sink.  The  rubbing  faces  of  the  seal  plates  were  ground 
and  lapped  to  a  2  light-band  flatness.  Figures  11-25  and  11-26  show 
the  seal  components  and  shaft  stackup. 

b*  Test  Rig 

The  rig  used  for  the  test  evaluation  of  the  ring  seals  is  shown  schemat¬ 
ically  in,  Figure  11-27.  Two  seals  were  mounted  back  to  back  on  the 
rotating  shaft  between  lapped  seal  plates.  The  stationary  seal  liner 
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was  chrome  plated  on  the  ID  rubbing  surfaces.  Two  seals  were  tested 
to  eliminate  thrust  forces  due  to  pressure  Idading  in  the  rig,.  For  this 
program,  two  rigs  and  four  interchangeable  shafts  were  used  for  ef¬ 
ficient  operations. 

<S.  Facility 

The  test  stand  used  in  this  program  was  equipped  with  all  the  necessary 
equipment  and  instrumentation  for  running  up  to  three  independent  rigs 
simultaneously.  Power  was  provided  by  15  hp  electric  motors  at  1750 
r  pm- through  variable  speed  pulleys.  The  pulleys  were  connected  to  a 
5  to  1  ratio  gearbox  and  the  rigs  were  mounted  on  the  gearboxes.  Air 
at  pressures  up  to  120  psig  was  used  for  the  rigs:  necessary  oil 
systems  and  fire  extinguishing  equipment  were  mounted  in  the  stand. 

See  Figure  11-28, 

Air  pressure,  air  temperatures  and  rig  rpm  were  controlled  from  a 
console  mounted  in  front  of  the  stand.  See  Figure  11-29.  Oil  pres¬ 
sures  and  temperatures,  breather  temperatures  and  rotometers  flows 
were  read  and  recorded. 

3.  METHOD  OF  TEST 

The  test  program  consisted  of  operating  the  seals  at  200,  25C,  and  275 
ft/sec  speed  levels  at  40  and  60  psig  using  air  at  ambient  temperatures. 


Each  test  was  scheduled  for  five  hours.  A  test  was  terminated  prior 
to  that  time  if  the  breather  (air  cut)  temperature  reached  400 °F  or  if 
there  was  more  than  a  15  percent  increase  in  seal  leakage  between 
each  step.  The  seal  was  considered  to  have  failed  if  there  was  a 
sudcnn  increase  in  seal  leakage  or  if  the  leakage  rate  reached  100 
percent  on  the  stand  flowmeters.  High  seal  leakage  cr  seal  temperature 
were  avoided  because  of  the  fire  hazard. 

Each  of  the  test  ring  seals  were  precisely  measured  axially  and  radially 
prior  to  and  after  test.  The  difference  in  measurements  was  mu?.*iplied 
by  20  to  give  wear  in  mils/100  hours. 

4.  TEST  RESULTS 

Three -hundred  hours  of  test  time  were  accumulated  on  the  four  ring 
seal  designs  as  follows: 


PA  os  no.  J 1-16 


CONFIDENT  •  AL. 


x;  o \^Y:y • /-•  •; /g& - xscy^j^fti ./•  ^'- \  \ -  s  - 

,%  >$'\  '<**  V2riv“'*  t  V*^^-  •**  '** 


CONFIDENTIAL 


*>•  "T^jy^rry » 

•  *7  *  ^ 


L  r\'  wvj  "„  .  ’ 


Point  *  ?.un 


PWA-.239.7 


Test  flour  s 


§  1-  O' 


Six -Inch 

15 

50  • 

Eight-Inch 

16 

57.  1 

Six -Inch 

18 

85.25 

Eight-Inch 

23 

107.0 

.Circular  groove 
‘Circular  groove 
^Radial  groove 
Radial  gr  oo ve 


The  results  of  the  testing,  as  applicable  to  each  of  the  four  seal  designs, 
are  tabulated  in  Figure  30  through  34. 

5.  CONCLUSIONS 

The  conclusions  made  on  the  basis  of  the  above  testing  were  as  follows: 

9  The  circular  groove  design  was  inherently  weak.  Many  tests 

were  prematurely  ended  because  of  broken  seals.  In  many  other 
cases  seals  were  found  to  be  broken  when  the  rig  was  disassembled. 
In  nearly  all  cases  the  seals  broke  radially  at  points  where  the 
circular  grooves  meet  the  ID  of  the  seal.  Because  of  repeated 
failures  the  circular  groove  design  seal  was  considered  unaccept¬ 
able  Tor  future  consideration  and  the  program  terminated. 

#  The  radial  groove  design  performs  well  but  certain  limitations 
are  apparent. 

a.  The  0.200  inch  radial  width  seals  have  too  little  rubbing  sur¬ 
face.  Many  seals  of  this  width  either  broke  or  had  very  high 
wear  rates  (to  over  1000  mils/100  hours). 

b.  The  0.  800  inch  radial  width  seals  wore  very  little.  This  was 
more  evident  in  the  eight-inch  than  the  six-inch  design. 

c.  Tests  to  optimize  seal  width  show  only  a  slight  increase  in 
wear  as  seal  width  was  decreased.  However,  0.400  inch 
radial  width  is  probably  a  practical  minimum. 

6.  RECOMMENDATIONS 
It  is  r  'ommended. 

.  Th.*l  future  designs  of  seals  for  this  application  be  of  the  radial 
groove  type. 
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That’  testing  of  radial  groove  seals  to  continued  to  complete  the  \ 
planned  statistical  jprogram.  On  its  completion  the  effect  of  . seal-  ‘x 
ihg  lip  width  and  the  number  and  size  of  face  grooves  can.be  fully 
evaluated. 

That  the  minimum  radial  width  of  the  seals  should-be  not  less  than 
0.  400  inches.  Further  testing  at  more  rigorous  conditions  should' 
be  undertaken  to  determine  whether  0.  400  inches  is  adequate  or 
should  be  increased. 


’~V  -  - 


FAOE  NO.  11-18 


CONFIDENTIAL 


GG****+m (Ate.  .1  >  <tm  ■*»***v«i» 

***i"  »»  >t>n 
t>c*  »**  i»w« 

WiwM  »•*!»■»«  -viWwio  .HlOnt  •« 
*»•»  •*•»«*  «*  »«1  v«>M»  «»»•*«  to  A 

— »*  **  *-«  <«»<»««!  »•*-*  T>«it  t%  v  •  4 
»•»  •»»  -H  *«  *< 


'«*•  •  ~ _ -a _ •  - -  ‘ _ iv---  •  -.r** 


CONFIDENTIAL 


PAATT  «  WMITNtY  AIHCRAPT 


PWA-2397 


CONFIDENTIAL 


AT  VVA-6J7 


& 


4, 


THRUST  BEARING  AFTER  2<b5  HOURS  C  F  ENDURANCE 
TEST  IN  500 °F  PVVA-524  LJuirRJCANT 


Figure  11-7 
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\GE  FROM  THRUST  PE. A  RING  SHOWING  DEPOSITS 
FI'ER  2<  S  HOUR.")  Cl  ENDURANCE  TEST  WITH 
PWA-524  LUBRICANT 


Figure  II-  8 
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INSTALLATION  OF  RIGS  INCLUDING  (LEFT 
TO  RIGHT.)  FOUR  SINGLE -BALL  FATIGUE  RIGS 
AND  HIGH-TEMPERATURE  OIL  RIG  (A). 


Fi  gure  11-15 
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CARBON  SEAL 

SECONDARY  SEAL 
PISTON  RINGS 

SEAL  PLATE 

OIL  PASSAGES 


WET-FACE  SEAL 


OIL  JET 


BELLOWS 


ST”" 


CARBON  SEAL 

'"SEAL  PLATE 

^OIL  PASSAGE 
—SHAFT 


BELLOWS- TYPE  WET-FACE  SEAL 


SCHEMATIC  DIAGRAMS  OF  FACE -TYPE  OIL  SEALS 


Figure  II -20  * 
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COMPONENT  PARTS  OF  OIL  SEAL  TESTING  RIG 
INCLUDING  (A)  FRONT  COVER,  (B)  RIG  BEARING, 
(C)  HUB,  (D)  OIL  JET  TO  SEAL  PLATE,  (E) 
BREATHER  MANIFOLD,  (F)  SHAFT. 


Figure  11-21 
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VARIABLES  AND  LEVELS 


A-  THICKNESS:  0.2,  0.8  INCH 
B  -  NO.  OF  PADSPERINCH'OPplA:  3,  4 
C-  =' 

D  -  .  GROOVE  RADIUS  i.  I|pb,.  2.00/fNtRES  0 
F-  OUTSIDE  Dl A:  6,  8  INCHES 
G  -  LIP  W  IDT  Hr  0.025 ,  0.050  I NCH 


CIRCULAR  GROOVE"  TYPE  RING  SEAL  DESIGN: 
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Figure  IT-24- 
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SCHEMATIC  Din  JR  AM  OF  SEAL.  MATERIAL 
EVALUATION  TEST  RIG 


Figure  11-27 
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INSTALLATION  OF  KING  SEAL  TEST  RIG  IN¬ 
CLUDING  (1)  AIR  HEATERS,  (2)  HIGH  PRESSURE 
AIR  LINES,  {3}  STAND  BREATHER  LINE,  (4) 
THERMOCOUPLE  CONDUIT,  (5)  RIG  BREATHER 
(6)  DRRT  MOTORS  (THREE  15  HP),  (?)  GEARBOX 
OIL  DRAIN,  (8)  TWO-SPEED  GEARBOXES,  (9) 

RIG  DRAIN,  (10)  RIG  OIL  SUPPLY  MANIFOLD 


Figure  11-28 
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TYPICAL  rig  test  control  stand  including 

(1)  AIR  HEATER,  (2)  TIRE  CONTROL,  (3)  POWER 
STATION  TO  CONTROL  HE  TIER,  (4)  LEWIS  SWITCH, 
(5)  POTENTIOMETER,  (£)  PRESSURE  GAUGES,  (7) 
ROTOMET  ERS  (i<)  PRESSURE  GAGES,  (9)  HEATER 
7  E  .\ I  PE  R  A  T  U  R  E  CO  NT  Rl  ?LS 
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RING  SEAL  TEST  DATA 
Six-inch  Ring  Seal  Design  -  Circular  Grooves 


Seal  Plate  -  Stellite  6B 
Carbon  -  CDJ-83 
T  est 


Point 

Press  - 

Speed 

psig 

rpm 

1 

60 

10,  510 

2 

40 

7,  640 

3 

40 

9,  550 

4 

40 

1  1, 460 

5 

60 

7,  640 

6 

60 

9,  550 

7 

40 

9.550 

8 

60 

10,  510 

9 

60 

9,  550 

10 

40 

10, 510 

11 

60 

7,  640 

12 

60 

9,  550 

13 

60 

7,  640 

4 

40 

10, 510 

7 

40 

9,  550 

T  emperature 

-  Ambient 

Test 

Front 

Rear 

Time 

Wear 

Wear 

hours 

(mils/  100 

hours) 

1.0 

Broke 

Broke 

5.0 

6.  0 

20.  0 

5.0 

28.  0 

22.  0 

4.5 

Broke 

Broke 

5.0 

84.  0 

82.  0 

0.  5 

Broke 

Broke 

5.  0 

14.0 

22.  0 

0.  4 

Broke 

Broke 

5.  0 

92.  0 

146.  0 

0.  5 

Broke 

Broke 

5.  0 

1050.0 

1050.  0 

2.8 

Broke 

Broke 

0.  3 

Broke 

Broke 

5.  0. 

Broke 

Broke 

214.  0 

5.  0 

24.  0 

Broke 

202.  0 

Figure  11-3G 
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KING  SEAL  TEST. DATA 
Eight-inch  Ring  Seal  Design  -  Circular  Grooves 


F 

r 

f* 

j? 


Seal  Plate  -  Stellite  6P 
Carbon  -  CDJ-83 


Temperature  -  Ambient 


& 


f? 


T  est 


Point 

Press . 

Speed 

14 

40 

7,  150 

15 

60 

7.  150 

18 

40 

5,  7  30 

£  k 

60 

7,  150 

24 

60 

5,730 

16 

60 

5,  730 

17 

40 

7,  150 

19 

40 

5,730 

20 

40 

7.  150 

22 

60 

5,730 

23 

40 

7.870 

25 

60 

7,870 

26 

60 

7,870 

44 

49 

7,870 

42 

40 

7,870 

14 

40 

7,  150 

T  est 

Front 

Rear  ' 

Time 

W  ear 

V/ear 

(mils/ 100 

hours) 

5.  0 

Broke 

Broke 

36.  0 

42.0 

3.  0 

Broke 

Broke 

5.0, 

Broke 

_ 

32.  0 

28.0 

5.  0 

Broke 

Broke 

102.  0 

92.0 

5.0 

Broke^ 

Broke 

60.0 

720.0 

2.  0 

Broke 

Broke 

5.0 

624-  0 

1878.0 

5.0 

56.  0 

58.0 

5.0 

160 .  0 

868.  0 

5.  0 

156.0 

1056. 0 

1.25 

Excessive 

Missing 

25 

Broke 

Broke 

0.  5 

Broke 

Broke 

0.  1 

Excessive 

Excessive 

5.0 

4,  0 

426.0 

5.  0 

152.  0 

344.  0 

o  . 

Figure  1 1  -3 1  - 


CONFIDENTIAL. 


ii-ir 


1?*Arr*'VVHiTNtYAlf»CRAAT 


.  .*)^MW'ti»*««KMZR4nKV3a9i  araansVjHiF** 

CONpiDiSNTIAL. 


P.WA-2397 


RING  SEAL  TEST  DATA 

Eight-inch  Ring  Seal  Design  -  Radial  Groove  * 

Seal  Plate  -  Stellite  6B  Temperature  -  Ambient. 

Carbon  -  CDJ-83 


Test 

Test 

Front 

Rear 

Point 

Press. 

Speed 

Time 

W  ear 

W  ear 

(mils/  100 

hours] 

2 

40 

9.  540 

5.  0 

78.  0 

124.  0 

4 

40 

7,  640 

5.0 

2.  0 

8..0 

6 

40 

9,  540 

5.  0 

650.  . 

232.  0 

7 

60 

7,  640 

5-0 

4.0 

56.0 

8 

60 

9,  540 

5.0 

74.  0 

102.4) 

3 

40 

10,  490 

5.0 

28.  0 

82.  0 

10 

60 

10. 490 

5.0 

387.  0 

118-0 

1  1 

60 

10, 490 

5.0 

70.  0 

140.  0 

24 

40 

10, 490 

5.0 

64.  0 

2.  0 

26 

60 

10, 490 

5.0 

50.  0 

104.0 

28 

40 

10, 490 

5.  0 

4.  0 

2.0 

29 

40 

9,  540 

5.0 

2.  0 

2.4) 

24 

40 

10,490 

5.0 

90.  0 

164.0 

8 

60 

9,  540 

0.23 

Broke 

Broke 

7 

60 

7,  640 

5.  0 

4.0 

4.  0 

4 

40 

7,  640 

5.0 

0.  0 

26.0 

24 

40 

10, 490 

5.0 

92.0 

4.  0 

27 

40 

9,  540 

5.0 

64.  0 

14.  0 
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RING  SEAL.  TEST  DATA 


Evght-inch  Ring  Seal  Design  -  Radial  Grooves' 


Seal  Plate  -  Stellite  68 


Temperature  -  Ambient 


Carbon  -  CDJ-83 


Test 

Point 

Press . 

Speed 

Test 

Time 

Front 

Wear 

Rear 

W;ear. 

(mils/  100  hours) 

15 

40 

7,870' 

5.  0 

440.0 

1466.0 

17 

40 

7,870 

2.  5 

Broke 

Broke 

19 

60 

5,730 

5.0 

0.  0 

6.0 

21 

80 

8,600 

10  min. 

Excessive 

Missing 

36 

60 

5,730 

5.  0 

0.0 

2.  0 

12 

40 

7,870 

5.  0 

2.  0 

2.0 

35 

40 

7,  150 

5.  0 

340.  0 

1214.0 

39 

60 

5,730 

5.  0 

2.0 

0.0 

40 

60 

7,870 

5.0 

54.  0 

50.0 

42 

60 

5,730 

5.0 

34.0 

0.0 

12 

40 

7,870 

5.0 

0.0 

0.0 

36 

60 

5,730 

5.0 

0.0 

6.0 

39 

60 

5,730 

5.  0 

2.  0 

2.0 

41 

60 

7.  150 

5.0 

16.  0 

66.  0 

44 

40  . 

7,  150 

4.  5 

16.  0 

Missing 
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Eight-inch  Ring  Seal  Design  -  Radial  Grooves 
Radial  Width  .Optimization 
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Seal  Plate  -  Stellite  6B 
Carbon  -  CDJ-83 


Temperaturer^Ambient  *A  ..  .  .->  V  ;"\!« 

Pressure  60  psig;  .  Iv ; ;  -  -;V  < 

Speed  -  5730  rpm  (,200  f¥.  /^ec.;)'?-.  '  -'C. 


Test 

Radial 

Test 

Front 

Rear 

Point 

Width 

T  ime 

Wear 

Wear 

Inches 

Hours 

{Mils/ 100 

liours) 

19*- 

♦  800 

5.0 

-  0.  0 

6.  0  '  .  ‘ 

39* 

-800 

5.0 

2.  0 

0.  0 

39* 

800 

5.  0 

2.  0 

2 .  0 

45 

.  600 

5.0 

8.  0 

2.0  : 

45 

.  600 

8.0 

2.  0 

0.  0 

46 

.  500 

c  0 

12.  0 

00 

o 

46 

.500 

r,.  0 

12.  0 

4.0 

46 

.500 

5.  C 

4.  0 

4.0. 

47 

.400 

C.G 

16.  0 

16.0  '  ? 

47 

'  .  400 

5.  0 

2.  0 

2.6 

48 

.200 

5.0 

6C-'  0 

434.0  • 

These  points 

also  listed  in 

Figure  11-33. 

* 

Figure.  II -34 


CONFIDENTIAL 


MC*N«C». *w 

.oov>  MifmW‘>..v  ' 


•••-*»•'  •»*»«•!«« lari 

-»»»  ((••■••f  S» 

m  maWM'in  nnat'A  »«>— »*H.>»->.» ■ 


•>•;;• v  -:*cr  -  r-; <••>;• -4^ 

.-  --  .‘6  '1  ■  /  ••  '  W 

---%■'  ::  , £«??&&:■  •$ 


MATT  *  WHITNCY  AIHCKAFT 


\  r/l 

'A'.' 


•  *4ir?T 


CONFIDENTIAL 


ITEM  12  -  FUELS 


OBJECTIVE 

This  item  of  the  contract  required  that  Pratt 
&  Whitney  Aircraft  continue  work  with:  major, 
oil  companies  to  investigate  fuels  suitable 
for  use  in  the  engine  of  a  supersonic  transport 
aircraft. 

The  goal  of  this  program  was  to  obtain  a  satis¬ 
factory  compromise  between  engine  design 
parameters  and  engine  fuel  delivery  tempera¬ 
tures  and  to  establish  the  capability  of,  or  the 
improvement  required  to  make  jet  UA"  kero¬ 
sene  satisfy  the  requirements  for  economical 
supersonic  tr.  nsport  operation. 


A.  INTRODUCTION 

Pratt  &  Whitney  Aircraft  has  continued  to  work  with  the  major  oil 
companies  during  Phase  II -A  to  investigate  fit-, sui  vole  for  use  in 
the  engine  of  the  supersonic  transport  airplane.  This  work  has  in¬ 
cluded  (1)  a  survey  of  current  Jet  A  aviation  kerosene  fueis  ts  sad 
domestically,  (2)  an  investigation  of  the  effect  of  dissolved  oxygen  on. 
fuel  thermal  stability  and  (3)  a  further  definition  of  the  environment 
to  which  the  fuel  will  be  subjected  in  a  supersonic  transport  airplane 
and  powerplant.  These  investigations  were  undertaken  to  determine 
if  fuels  of  current  Jet  A  quality  would  be  satisfactory  for  the  super- 
sonic  transport  powerplant  and  to  support  the  selection  of  a  fuel  of 
suitable  quality  at  a  cost  equivalent  to  current  Jet  A  fuel. 

B.  JET  FUEL  SURVEY 

Commercial  jet  aircraft  presently  operate  with  three  types  of  fuel  which 
are  described  in  Specification  ASTM  D-1655  as  Jet  A,  Jet  A*-l  and 
Jet  B.  While  each  of  these  fuels  is  procured  tinder  a  number  of  speci¬ 
fications  issued  by  the  airlines  and  the  engine  manufacturer  a  t  the 
technical  requirements  for  each  fuel  type  are  comparable. 
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Jet  A  fuel  is  a  kerosene  type  with  ~40®F  freezing  point.  It  is  used  pre¬ 
dominately  where  operations  do  not  expose  fuel  to  extremely  low  teinf 
peratures  as  a  result  of  cold  soaking  either  in  flight  or  on  the  ground. 
Because  most  domestic  flights  are  of  short  duration,  this  fuel  is  used 
at  most  secondary  air  terminals.  ' 

Jet  A-l  is  similar  to  Jet  A  except  for  a  -58°F  freezing  point  required- 
for  long  flights  in  cold  climate  areas  such  as  the  North  Atlantic.  This 
fuel  is  consequently  stocked  at  major  international  air  terminals  and  is  • 
also  used  on  cross-continent  flights  in  the  U.  S.  As  a  consequence, 
this  fuel  represents  a  large  percentage  of  the  aviation  kerosene  used 
domestically. 

Jet  B  is  a  JR-4  type  fuel  used  mainly  in  overseas  flights  where  it  can 
afford  lower  fuel  costs  because  of  the  existing  domestic  tax  structure. 
This  fuel  was  not  considered  suitable  for  SST  applications  and,  there¬ 
fore,  the  fuel  survey  was  limited  to  Jet  A  and  Jet  A-l  type  fuels.- 

Previous  studies  have  shown  that,  while  Jet  A  kerosene  generally  had 
sufficiently  low  volatility  and  vapor  pressure  characteristics  to  be 
usable  in  supersonic  transport  applications,  its  thermal  stability  was 
not  adequate  as  presently  defined  by  existing  specifications.  According 
to  these.  Jet  A  must  have  a  minimum  thermal  stability  level  of  300“F 
preheater  temperature /400°F  filter  temperature  (300/400)  when  tested 
in  the  ASTM-CFR  Fuel  Coker,  ASTM  Method  D-166C.  While  all  existing 
Jet  A  and  Jet  A-l  fuels  are  manufacturer?  to  this  minimum,  it  is  known 
that  some  fuels  can  have  considerably  higher  thermal  stability  as  a  re¬ 
sult  of  differing  crude  source,  composition,  refining  methods  and 
"built-in"  margins  because  of  coker  test  reproducibility. 


To  determine  the  thermal  stability  margins  presently  existing  in  today’s 
aviation  kerosene  fuels  and  to  further  define  the  fuels  as  presently  used, 
a  survey  of  domestic  fuel  sources  was  made.  To  assure  that  this  samp¬ 
ling  would  be  statistically  valid,  yet  within  budgetary  limitations,  it  was 
limited  to  thirteen  major  oil  companies  who  produce  and  supply  about 
eighty-seven  percent  of  the  aviation  kerosene.  Twelve  petroleum  com¬ 
panies  responded  by  providing  one  drum  of  each  Jet  A  or  Jet  A-i  fuel 
presently  being  produced  for  airline  accounts.  In  addition,  a  two 
drum  quantity  of  each  fuel  normally  supplied  to  J.  F.  Kennedy,  O/Ha re, 
Los  Angeles  and  San  Francisco  International  Air  Terminals  was  obtained 
The  latter  fuel  samples  v-^re  subjected  to  more  extensive  testing  as  these 
locations  represented  the  largest  fuel  volume  usages  Samples  were  pro¬ 
vided  from  refinery  sources  representing  fuel  batches  currently  in  pro¬ 
cess  of  delivery  or  from  bulk  terminal  areas -normally  supplying,  various 
airport  locations.  - 
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In  all,  forty  -nine  samjples  of  Jet  A  or  Jet  A-l.  fuel  vyere  provided;'  ‘  ' 
sixteen  of  these  represented  the  four  major  air  terminals.  The  fuel’s 
were  shipped  directly  to  a  contract  laboratory  for  the  following;  tests;/ 

1.  An  inspection  of  each  fuel  sample  to  determine  physical 
properties  in  relation  to  existing  specifications  such  as 
ASTMD-1655. 


2.  A  determination  of  the  thermal  stability  breakpoint  tempera¬ 
ture  in  the  ASTM-CFR  Fuel  Coker  for  each  fuel  . 

3.  A  determination  of  thermal  stability  break  point  temperature 
in  the  CRC  Research  Fuel  Coker  with  a  heated  reservoir.. 
(The  breakpoint  temperature  is  the  temperature  at  which  a 
Code  3  deposit  level  is  produced);  Breakpoint  temperatures 
were  determined  for  the  sixteen  major  air  terminal  samples 
only. 

4.  A  determination  of  fuel  lubricity  characteristics  in  the.Ryder 
Gear  Machine  for  the  16  major  air  terminal  samples  only-. 


The  results  of  these  investigations  are  described  in  the  four  subsections 
which  follow. 

1.  FUEL  INSPECTION  DATA 

Upon  receipt  at  the  laooratory  the  fuels  were  assigned  individual 
sample  numbers.  A  listing  of  these  numbers,  with  information  on 
the  vendor  source  (coded),  air  terminal  where  used  and  ASTM  fuel 
type,  is  presented  in  Figure  12-1.  Laboratory  tests  were  conducted 
on  these  fuels  to  determine  physical  properties;  these  data  are  listed  in 
Figure  12-2.  Maximum,  minimum  ar:d  average  values  of  these  physical, 
properties  for  the  Jet  A  and  Jet  A-l  fuel  samples  are  listed  at  the  end 
of  this  table.  Distillai.on  data  were  also  'btained  on  the  fuel  samples  and 
are  listed  in  Figure  12-3- 


2.  BREAKPOINT  TEMPERATURES 

ASTM-CFR  Fuel  Coker  tests  we~e  conducted  on  all  the  fuel  samples 
to  determine  breakpoint  temperatures.  In  these  tests  the  ASTM-CFR. 
Fuel  Coker  was  operated  at  successively  higher  preheater /filter 
temperature  conditions  on  each  sampie  to.  obtain  preheater  deposits 
bracketing  a  Cede  3  deposit  level.  Testing  steps  were  made  at  25°F 
increments.  The  results  of  these  tests  are  tabulated  in  Figuhe  12'-4. 
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Tests  were  conducted  in  a  CRC  Research  Fuel  Coker  on- each-of  the 
sixteen  major  air  terminal  samples  at  fuel  reservoir  .temperatures.^ 
of  ambient  (approx.  75 °F),  175°F  and  250 °F.  Preheater./filter  tem¬ 
perature  levels  were  raised  <u  25°F  increments  until  preheater  depos¬ 
its  bracketing  a  Code  3  deposit  level  were  obtained.  Data  derived  . 
from  this  survey  is  tabulated  in  Figure  12-5. 

In  both  the  ASTM  and  CRC  Research  Coker  tests,  a  Code  3  deposit 
level  was  used  to  define  the  breakpoint  temperature.  Selection-o&the 
Code  3  deposit  level  tends  to  yield  a  breakpoint  temperature  which  is 
higher  than  the  limits  established  in  existing  specifications;  these 
being  generally  Code  2  maximum.  However,  this  approach  yields 
more  definitive  breakpoints  from  the  available  data  and  is  somewhat 
compensated  by  the  fact  that  resulting  deposits  frequently  went  from 
Code  1  to  Code  4  within  a  25 °Fpreheater  increment.  Breakpoint  tem¬ 
perature  was  further  interpreted  as  the  higher  preheater  temperature 
at  which  a  deposit  of  Code  3  or  lower  deposit  code  was  obtained  when 
the  next  higher  temperature  (25°F  increment)  yielded  a  deposit  ex¬ 
ceeding  Code  3. 

Breakpoint  temperature  data  arc  summarized  in  Figure  12-6  for  both 
the  ASTM- CFR  Fuel  Coker  and  the  CRC  Research  Fuel  Coker.  Diff¬ 
erences  in  breakpoint  temperatures  are  to  be  expected  with  these  two 
test  methods  because  of  the  differing  equipment  geometry  and  the  use 
of  a  heated  fuel  reservoir  in  the  CRC  Research  Fuel  Coker  test.  The 
latter  test  is  believed  to  be  more  indicative  of  the  thermal  performance 
of  fuels  in  a  supersonic  airplane  because  it  includes  to  some  extent  the 
type  of  heating  fuel  receives  in  the  aircraft  tanks  and  in  the  airframe 
fuel  system  prior  to  delivery  to  the  engine.  The  distribution  of  pre- 
header  breakpoint  temperatures  in  the  ASTM  coker  are  shown  in  Figure 
12-7  and  plotted  in  Figure  12-8.  "Breakpoints11  fell  in  the  range  of 
275 °F  -  425 °F  and  generally  confirmed  that  a  wide  variation  in  thermal 
stability  margins  exist  in  current  fuels.  It  is  not  yet  known  whether  the 
single  fuel  shown  as  being  below  specification  limits  truly  represented 
this  possibility  or  whether  this  particular  result  was  occasioned  by 


sampling  technique  or  handling  of  the  fuel  during  this  survey.  The 
latter  is  more  probable.  As  shown  in  Figure  12-8,  the  average  fuel 
used  at  the  major  air  terminals  had  a  preheater  breakpoint  of  350°F, 
the  average  of  all  fuels  being  350-3753F  breakpoint  temperature 
(based  on  preheater  deposits). 
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Figures  12-9 and  12-10  indicate  the  ASTM,  coker  preheater -breakpoint” 
temperature  distribution  after  correcting  the  breakpoint  data  of,  Figures 
12-7  and  12-8  for  conformance  to  a  maximum  filter^  pressure  increase 
of  1 3* *  Hg  during  the  ASTM-CFR  fuel  coker  test.  In  comparison  to  the* 
previous  distribution  plot,  it  more  nearly  represents  the  distribution 
of  "usable"  specification  fuel,  although  it  is  quite  similar  ovenalL, 


The  distribution  of  CRC  Research  Fuel  Coker  preheater  temperature 
breakpoints,  based  on  Code  3  deposits,  is  tabulated  in  Figure  12-11 
and  plotted  in  Figures  12-12  and  12-13  for  reservoir  temperatures  of 
ambient,  175  °F  and  250  *F.  These  breakpoint  temperature  distributions 
differ  from  those  of  the  ASTM  coker  for  the  reasons  previously  noted. 
However,  the  average  fuel  (50%  level)  showed  a  similar  preheater  break¬ 
point  temperature  (350-375 *F). 


3.  EFFECT  OF  RESERVOIR  HEATING 


It  was  previously  mentioned  that  the  CRC  Research  Fuel  Coker  test  is 
believed  to  be  more  indicative  of  fuel  thermal  stability  requirements  in 
a  supersonic  airplane  because  it  also  includes  the  bulk  heating  effect 
imposed  by  the  airframe  fuel  tank  environment  and  to  some  extent  sim¬ 
ulates  airframe  heat  sink  inputs. 


The  effect  of  such  bulk  heating  on  preheater  breakpoint  temperature  is 
shown  for  individual  fuels  in  Figure  12-14.  Generally,  the  effect  of 
bulk  heating  in  the  range  of  75  °F  to  250 °F  was  very  flat  for  the  survey 
fuels  and  in  most  cases,  was  within  a  25  °F  band.  This  sensitivity  is 
considered  to  be  within  the  repeatable  accuracy  of  the  coker  test.  The 
flat  response  of  the  survey  fuels  to  bulk  heating  was  also  confirmed  by 
the  distribution  of  breakpoints  for  each  bulk  fuel  (reservoir)  tempera¬ 
ture  condition  as  shown  in  Figure  12-15. 


The  information  on  fuel  thermal  stability,  breakpoint  characteristics 
and  bulk  heating  effects  obtained  during  this  survey,  was  subsequently 
correlated  with  environmental  data  in  order  to  determine  what  changes 
m  the  characteristics  of  present  Jet  A  fuels  would  be  necessary  to  per¬ 
mit  their  use  in  an  SST  application.  The  latter  work  is  described  in 
subsection  C  starting  on  page  12-  ^  of  this  report. 


4.  FUEL  LUBRICITY 


Present  fuels  contain  trace  impurities,  sulfur  and  nitrogen  compounds 
which  are  polar  in  nature  and  hence,  provide  some  beneficial  lubrica- 
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tion  effect  for  fuel  pumps,  controls  and  actuating  mechanisms.  Serious 
wear  problems,  malfunctions,  etc.  in  existing  equipment,  have  not 
been  experienced  with  these  fuels  to  date  because  of  any  lubrication 
deficiency.  However,  it  is  anticipated  that  the  supersonic  transport 
powerplant,  because  of  higher  fuel  temperatures,  may  not  have  adequate 
viscosity-derived  lubricity  and  may  further  be  deprived  of  the  beneficial 
effects  of  trace  impurities  by  the  need  to  provide  a  more  thermally  stable 
fuel. 


In  order  to  determine  what  levels  of  fuel  lubricity  exist  in  present 
commercial  aviation  fuels,  the  sixteen  fuel  samples  from  the  major 
international  air  terminals  (Kennedy,  O'Hare,  Los  Angeles  and  San 
Francisco)  were  tested  in  the  Ryder  Gear  Machine. 

The  Ryder  Gear  Machine  is  universally  used  to  determine  the  load¬ 
carrying  ability  of  aviation  gas  turbine  oils  as  required  by  several 
specifications.  Federal  Test  Method  Standard  No.  791,  Method  6508 
describes  the  machine  and  method  of  test.  The  Ryder  Machine 
employs  high  precision  spur  test  gears  mounted  on  parallel  shafts 
and  lubricated  with  the  test  fluid.  Through  use  of  meshing  helical 
gears  and  a  four-square  loading  principle,  the  test  gears  are  operated 
under  step  loads  for  10-minute  periods.  The  amount  of  scuffing  or 
abrasion  on  each  test  gear  tooth  is  determined  after  each  load  appli¬ 
cation;  load -carrying  ability  being  defined  as  the  load  (lbs/inch  of 
tooth  face  width)  that  occurs  when  22  1/2  percent  of  the  tooth  face 
ax  c  is  scuffed.  The  Ryder  test  provides  high  relative  sliding  veloc- 
i tie j  and  in  other  investigations  has  been  shown  to  be  applicable  to 
lubricity  problems  associated  with  fuel  pumping  and  metering.  In 
applying  this  test  to  the  measurement  of  fuel  lubricity,  operation  is 
similar  to  that  used  for  oils  except  that  the  test  fluid  is  unheated  and 
smaller  load  increments  are  used. 


Data  from  these  tests  on  the  load-carrying  ability  of  the  sixteen  samples 
of  fuel  from  the  four  major  air  terminals  are  shown  in  Figure  12-16. 
These  tests  indicated  that  present  commercial  aviation  kerosene  fuels 
had  Ryder  values  of  load  carrying  ability  (fluid  lubricity)  ranging  from 
257  to  452  Ibs/inch  tooth  face  width  with  one  fuel  yielding  615  lbs/inch. 
These  levels  are  similar  to  average  values  already  determined  for  JP4 
(250  Ib/inch)  and  JP5  (375  Ib/inch)  type  fuels.  It  can  only  be  concluded 
at  this  time  that  present  commercial  aviation  kerosene  fuels  have  lubri¬ 
city  characteristics  (as  defined  by  the  Ryder  Gear  lest)  comparable  to 
similar  type  hydrocarbon  fuels  and  do  not  show  significant  variation  of 
this  property  within  the  accuracy  limitations  of  the  Ryder  test  device. 

PAGE  NO.  12-6 


CONFIDENTIAL 


“s*  z.>*?yv*sT  s"^i^RH8se9sa 


PRATT  &  WHITNEY  AIRCRAFT 


CONFIDENTIAL 


PWA-2397 


No  correlation  could  be  found  between  fuel  lubricity  levels  (Ryder  Scuff 
value)  and  breakpoint  temperature  for  the  fuels  tested.  Accordingly,  it 
may  be  further  concluded  that  significant  decreases  in  fuel  lubricity  are 
not  likely  to  occur  as  a  result  of  attaining  a  more  thermally  stable  Jet  A 
type  fuel  to  meet  the  stability  requirements  determined  in  Section  D  of 
this  report. 

Whether  these  lubricity  levels  will  be  satisfactory  for  SST  application, 
or  impose  heavier  component  design  and  development  burdens  can  only 
be  determined  through  environmental  operation  of  SST  hardware  and 
components . 


INVESTIGATION  Ok  THE  EFFECT  OF  OXYGEN 
CONTENT  ON  FUEL  THERMAL  STABILITY 


The  measurement  of  fuel  thermal  stability  in  the  ASTM-CFR  and  CRC 
Research  Fuel  Coker  tests  is  conducted  with  the  fuel  fully  saturated 
with  air  at  the  start  of  each  test.  The  equilibrium  oxygen  content  of 
fuel  under  these  conditions  is  about  three  to  four  percent  by  volume 
of  oxygen  (55-70  ppm)  for  most  Jet  A  type  fuels.  While  it  is  known 
that  the  complete  elimination  of  dissolved  oxygen  significantly  im¬ 
proves  fuel  thermal  stability,  present  commercial  aircraft  do  not 
operate  with  fuels  having  low  oxygen  content.  However,  the  possibility 
exists  that  a  supersonic  transport  cruising  at  high  altitudes  (about 
60-70,000  ft.)  and  with  normally  vented  fuel  tanks  may  experience  a 
reduction  in  oxygen  content  in  the  fuel  with  attendant  fuel  thermal 
stability  benefits.  In  order  to  investigate  this  possibility, CRC  Research 
Fuel  Coker  tests  were  conducted  on  three  fuels  having  relatively  low 
thermal  breakpoint  temperatures  to  determine  what  improvement  in 
breakpoint  temperature  could  result  from  a  reduction  in  oxygen  content. 
In  this  program  CRC  Research  Fuel  Coker  tests  were  conducted  at  175°F 
reservoir  temperature  using  the  following  fuels: 


F- 1497 


A  West  Coast  Jet  A-l  fuel  from  the  same  source 
as  fuel  F-1350  in  the  jet  fuel  survey  which  had 
previously  shown  an  ASTM -CFR  Coker  breakpoint 
of  350CF. 


F- 1498 


An  East  Coast  Jet  A-l  fuel  made  from  Texas 
crude  from  the  same  source  as  fuel  number 
F-  1368  in  the  Jet  Fuel  Survey  which  previously 
showed  a  standard  ASTM  Coker  breakpoint  of 
325  °F. 
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F-1065  A  MIL-J-5161E,  grade  JP-5  referee  fuel  which 

normally  has  an  ASTM-CFR  Coker  breakpoint 
of  325 °F. 

Low  breakpoint  temperature  fuels  were  selected  because  these  were 
expected  to  show  the  most  beneficial  effects  from  oxygen  reduction. 

Breakpoint  temperatures  for  these  fuels, when  fully  saturated  with 
oxygen,  were  initially  determined  at  175°F  reservoir  temperature  in 
the  CRC  Research  Coker  to  serve  as  base  line  data.  Coker  tests  were 
then  conducted  with  low  oxygen  content  which  was  obtained  by  drawing 
a  vacuum  of  0.  9  ±  1.  0  psia  on  the  coker  reservoir  prior  to  the  start 
of  testing.  A  magnetic  stirrer  was  operated  in  the  fuel  reservoir 
during  each  test  to  hasten  oxygen  elimination.  The  1.  0  psia  tank 
pressure  represents  a  typical  cruise  altitude  for  a  supersonic  trans¬ 
port  flying  at  Mach  2.  7  cruise  with  open  tank  vents  and  is  equivalent  to 
equilibrium  fuel  oxygen  content  of  4  ppm  (0.  25%  by  volume).  Tests 
with  oxygen  levels  equivalent  to  1.  5  ±  0. 1  psia  (50,  000  ft.  altitude) 
and  8  ppm  oxygen  content  (0.  5%  by  volume)  were  also  made.  A 
Beckman  Model  777  oxygen  sensor,  which  was  used  to  determine 
oxygen  content,  was  initially  installed  in  the  fuel  reservoir  but  was 
subsequently  moved  to  a  reservoir  return  line  after  the  coker  fuel 
pump.  Prior  to  each  reduced  oxygen  content  test,  the  sensor  probe 
was  calibrated  in  air  and  installed  in  the  by-pass  ioop» 

In  order  to  determine  saturated  oxygen  contents  for  each  test  fuel  the 
fuels  were  sent  to  a  testing  laboratory  having  gas  liquid  chromatographic 
equipment  and  gas  analysis  capabilities.  The  test  fuels  were  air  satu¬ 
rated  at  80°F  by  bubbling  air  through  them.  They  were  subsequently 
degassed  by  a  cyclic  thin  film  vacuum  technique  and  the  gas  composition 
analyzed  in  a  chromatograph.  The  oxygen  saturation  values  at  80 "F  are 
listed  below.  These  are  the  dissolved  oxygen  values  of  the  test  fuels  at 
the  start  of  each  coker  test  inasmuch  as  the  test  fuel  was  air-saturated 
prior  to  coker  tests  at  either  standard  or  reduced  reservoir  pressure 
conditions. 


Saturated  Dissolved  Oxygen 


Fuel 

Content  at  80 

F -  1497 

3.  17%  voi. 

F-1065 

4.  13%  vol. 

F - 1498 

4.  00%  vol. 
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Test  results  obtained  at  175°F  reservoir  temperature  in  the  CRC  Re¬ 
sea  rch  Fuel  Coke*  with  saturated  fuel  and  ambient  atmospheric  pressure 
are  shown  in  Figure  12-17.  In  each  case  the  fuel  was  aerated  in  the 
fuel  reservoir  to  attain  air  saturation.  This  was  done  at  gO°F  to  pro¬ 
duce  dissolved  oxygen  concentrations  similar  to  those  noted  above.  In 
addition,  oxygen  content  was  determined  on  the  F1065  fuel  during  a 
test  at  175-450/550  conditions.  During  this  test  dissolved  oxygen  con¬ 
tent  of  the  fuel  entering  the  preheater  section  was  found  to  be  4.  13  per¬ 
cent  at  the  start  of  the  test  and  3.  98  percent  by  volume  at  the  end  of  the 
te  st. 

The  results  of  research  fuel  coker  tests  conducted  at  a  reservoir  press¬ 
ure  of  1.  0±0.  1  psia  :reauced  fuel  oxygen  content)  and  a  reservoir  tem¬ 
perature  of  175  V  3"^.  shown  in  Figure  l?-18  for  the  three  test  fuels. 
Typical  values  of  dissolved  fuel  oxygen  measured  during  these  tests  by 
means  of  a  Beckman  oxygen  sensor  probe  located  in  the  reservoir  by¬ 
pass  loop  after  the  coker  fuel  pump  are  shown  in  Figure  12-19.  A  plot 
of  the  fuel  oxygen  content  during  a  typical  test  (No.  2101)  is  shewn  in 
Figure  12-20.  Test  N°2130  and  those  following  were  conducted  with 
the  oxygen  sensor  probe  located  in  a  by-pass  loop  prior  to  the  fuel 
coker  pump  inlet.  A  review  of  the  fuel  oxygen  contents  shown  in 
Figures  12-19  and  12-20  indicates  that  the  low  target  value  (0.25% 
by  volume)  of  equilibrium  fuel  oxygen  content  associated  with  a  reser¬ 
voir  or  altitude  pressure  of  1.0±.01  psia  was  attained  or  exceeded  in 
these  tests. 

The  performance  of  the  three  test  fuels  in  the  research  coker  at  both 
air-saturated  and  low-oxygen  content  conditions  (equivalent  to  1.  0±0.1 
psia  pressure  altitude)  are  shown  in  Figures  12-21  through  12-23. 

As  shown  in  Figure  12-21,  the  West  Coast  Jet  A-i  fuel  (F1497)  had  a 
preheater  deposit  breakpoint,  based  on  Code  3  deposits  of  356°F  when 
air  saturated.  Under  conditions  of  low  oxygen  content,  preheater  de¬ 
posits  generally  remained  at  a  Code  2  level  for  this  fuel  up  to  a  preheater  tem¬ 
perature  cl 475  *F,  and  a  definitive  breakpoint  couldnol  be  found  for  the  pre¬ 
heater  deposits.  However,  the  13"  Hg.  maximum  allowable  filter 
pressure  increase  permitted  in  current  fuel  specifications  was  ex¬ 
ceeded  under  both  saturated  and  low  oxygen  level  tests  at  temperatures 
below  and  slightly  above  the  normal  356*F  breakpoint  temperature. 
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The  JP-5  referee  fuel  (F1065)  showed  a  normal  preheater  breakpoint 
(using  air-saturated  fuel)  of  400°F.  As  shown  in  Figure  12-22  reduced 
fuel  oxygen  content  did  not  produce  any  significant  improvement  in  the 
coker  performance  of  this  fuel  in  terms  of  preheater  deposits  although 
some  slight  improvement- in  filter  pressure  increase  was  evidenced  in 
some  tests. 


The  East  Coast  Jet  A-l  fuel  (F  1498)  was  the  only  one  of  the  three  test 
fuels  showing  a  consistent  improvement  in  coker  performance  at  re¬ 
duced  fuel  oxygen  levels.  Under  sea  level  reservoir  conditions  with 
air -saturated  fuel,  this  fuel  showed  a  Code  3  breakpoint  temperature 
of  381  °F.  At  the  reduced  pressure  conditions,  a  breakpoint  tempera¬ 
ture  based  on  Code  3  deposits  could  not  be  induced  up  to  a  preheater 
temperature  of  475°F,  although  a  filter  pressure  drop  of  13"  Hg  max¬ 
imum  was  attained  at  this  temperature. 


The  results  of  research  fuel  coker  tests  conducted  ;t  a  reservoir  pres¬ 
sure  of  1.  5  ±  0.  1  psia  (reduced  fuel  oxygen  content)  and  a  reservoir  tem 
perature  of  175°F  are  shown  in  Figure  12-24  for  the  three  test  fuels. 
Typical  values  of  dissolved  fuel  oxygen  content  measured  during  these 
tests  by  means  of  a  Beckman  oxygen  sensor  probe  located  in  a  reservoir 
return  loop  at  the  pump  inlet  are  shown  in  Figure  12-25.  A  plot  of  fuel 
oxygen  content  during  a  typical  test  {No.  2149)  is  shown  in  Figure  12-26. 

The  performance  of  the  three  test  fuels  m  tne  research  fuel  coker  at 
both  air  saturated  and  low-oxygen  content  conditions  (equivalent  to  1.5 
±  0.  I  psia  altitude  pressure)  are  shown  in  Figures  12-27  through  12-2,. 

*'/  * 

The  tests  conducted  at  the  1.5  psia  reservoir  condition  ( equivrdent  to  9 
ppm  dissolved  oxygen  content)  demonstrated  tli.it  low  levels  of  fuel  oxygen 
content  suppress  heavy  "hot  wall"  deposits,  these  being  not  more  than 
Code  3  level  up  to  temperatures  considerably  higher  than  the  normal 
air  saturated  coker  breakpoint  temperature  of  the  fuel.  However,  no 
beneficial  effect  was  found  on  filter  pressure  increase  in  the  coker  tests 


While  it  appears  from  these  tests  that  fuels  vary  ir.  their  sensitivity  to 
oxygen  content,  a  reduction  in  dissolved  oxygen  generally  results  in 
less- 'severe  deposit  formation.  While  this  directional  improvement 
might  indicate  that  a  fuel  could  operate  at  higher  temperatures  with 
very  low  oxygen  content,  the  practical  applications  of  this  trend  are 
uncertain  at  present,  because  of  the  indication  that  filter  pressure  in¬ 
creases  do  not  follow  this  same  trend  and  both  these  factors  are  equally 
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important  in  improving  fuel  quality.  It  appears  that  low  fuel  oxygen  con¬ 
tents  can  only  be  exploited  as  a  means  of  attaining  high  fuel  temperature 
performance  at  low  fuel  cost,  if  fuels  are  refined  especially  to  respond 
to  this  factor  in  both  preheater  tube  deposits  and  filter  pressure  increase. 
The  possible  role  of  fuei  additive.s  in  achieving  this  goal  is  discussed 
in  Section  E . 


More  extensive  testing  of  additional  fuels  in  the  coker  at  conditions 
simulating  various  oxygen  levels  is  required  to  obtain  a  greater  under¬ 
standing  of  the  rate  of  oxygen  depletion  on  thermal  stability'  before 
advantage  can  be  taken  of  this  phenomenon  in  actual  aircraft  operation. 

D.  REVIEW  OF  THERMAL  STABILITY  REQUIREMENTS 

Under  the  Phase  II -A  contract,  fuel  environmental  .imperatures  in  the 
supersonic  transport  aircraft  and  power  plant  were  reviewed  further  in 
order  to  more  accurately  establish  thermal  stability  requirements. 
Inasmuch  as  previous  studies  have  shown  that  the  general  properties 
and  volatility'  characteristics  of  current  Jet  A  type  fuel  were  suitable 
for  SST  applications,  the  present  ’v  has  concentrated  on  fuel  thermal 
stability  characteristics.  Because  01  me  requirement  that  a  satis- 
.actory  SST  fuel  must  be  capable  of  being  produced  without  an  increase 
in  price  over  that  of  ASTM  Jet  A  fuel,  related  economic  factors  we  e 
also  investigated. 

In  subsonic  applications  a-  determination  of  fuel  thermal  stability  re¬ 
quirements  is  relatively'  uncomplicated  and  these  requirements  can  be 
easily  extrapolated  from  existing  applications  by  taking  into  account 
the  total  engine  cooling  load  and  its  effect  on  fuel  oil  cooler,  iuel 
system  and  fuel  manifold  temperatures.  The  application  of  this 
approach  to  supersonic  aircraft  fuel  temperatures  is  complicated  by 
the  prior  heating  which  the  fuel  receives  in  the  airframe  components. 
This  includes  both  the  temperature  increase  in  the  tank  fuel  as  a  result 
of  aerodynamic  heating  and  the  rejection  of  airframe  heating  loads  to 
the  fuel  in  heat  exchangers  prior  to  the  delivery  of  fuel  at  the  engine 
interface.  The  latter  neat  input  is  similar  to  that  acquired  by  the  en¬ 
gine  fuel  in  absorbing  oil  heat  rejection,  but  occurs  at  lower  tempera¬ 
tures.  In  extrapolating  fuel  thermal  stability  requirements  for  super¬ 
sonic  transport  applications ,  it  is  necessary  to  estimate  and  compen¬ 
sate  for  such  prior  heating. 

A  study  of  aircraft  and  engine  data  indicates  that  the  maximum  fuei  and 
fuel  system  environmental  temperatures  which  will  be  encountered 
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during  cruise  operation  in  the  two  proposed  SST  aircraft  are  as  follows: 


Temperature  of  fuel  from  airframe  250°F(max.) 

Temperature  of  fuel  into  “ngine 

(at  engine  fuel  manifold  in^et)  325°F(max.) 


Temperature  of  oil  from  engine 
Temperature  of  oil  into  engine 


375eF  (av. ) 
425  °F  (max.  ) 
275  °F  (av. ) 
350°F  (max.  ) 


The  selection  of  fuel  thermal  stability  requirements  based  on  these 
environmental  conditions  was  approached  first  as  a  straight-forward 
extrapolation  from  existing  allowable  limits.  From  these  and  from 
current  service  experience,  it  is  known  that  presently  available  fuels 
meeting  a  300/400/6  standard  fuel  coker  requirement  can  be  used  at 
a  fuel  temperature  of  275°F  at  the  inlet  of  the  engine  fuel  manifold. 

At  this  point  the  fuel  has  already  served  its  role  as  a  heat  sink  for  oil 
cooling  and  -  mst  only  face  the  additional  heating  environment  of  the 
engine  manifold  and  similar  distributing  lines.  Temperature  rise 
through  the  manifold  and  fuel  nozzle  area  is  about  2G°F.  This  increase 
in  bulk  fluid  temperature  has  only  a  minor  influence  in  determining  the 
required  level  of  fuel  thermal  stability  as  it  will  occur  in  the  manifold 
and  similar  distribution  lines  mainly  as  a  result  of  heat  transfer  from 
the  hot  walls  contacting  the  fuel.  By  judicious  design  and  taking  full 
advantage  of  time-temperature  relationships  as  they  effect  deposit¬ 
forming  reactions,  plus  the  use  of  heat  shielding,  it  is  possible  to  hold 
metal  exposure  temperatures  at  relatively  low  levels  (400-450°F) 
in  these  portions  of  the  system.  The  consideration  of  metal  tempera¬ 
tures  will,  therefore,  be  temporarily  neglected  in  this  portion  of  the 
analysis  as  they  are  considered  to  be  non-critical. 

The  extrapolation  process  is  illustrated  in  the  table  below  which  lists 
the  fuel  thermal  stability  requirements  with  and  without  bulk  heating 
for  several  levels  of  fuel  temperature  delivered  to  the  engine  airframe 
interface.  In  each  case  it  was  assumed  that  the  fuel  temperature  rise 
in  the  engine  fuel  pumps,  oil  coolers,  hydraulic  systems  and  fuel  controls 
is  constant  at  75  *F. 


Fuel  pump  inlet 

Temperature,  °F  200  250 

Engine  Manifold,  fuel  inlet 

Temperature,  °F  275  325 


275  300 

350  375 
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ASTM-CFR  Fuel  Coker 

Requirement  {without 
compensation  for  bulk 
heating) 


300/400  350/450  375/475  400/500 


ASTM-CFR  Fuel  Coker 

Requirement  Compensated 
for  higher  pump  inlet  temp, 
(bull  heating  effect) 


350/450  400/500  425/525 


As  previously  mentioned  a  fuel  iidet  temperature  at  the  manifold  of 
275 ’F  can  be  attained  with  fuel  meeting  a  standard  coker  requirement 
of  300/400;  the  corresponding  engine  fuel  pump  inlet  temperature 
being  2G0°F.  As  shown  above,  each  increase  in  pump  inlet  tempera¬ 
ture  will  be  reflected  by  a  similar  and  identical  temperature  increase 
at  the  engine  fuel  manifold  inlet  because  of  the  constant  75°F  rise 
across  the  engine  fuel  system.  Negl  ;cting  the  prior  heating  history  of 
the  fuel  and  the  effect  of  higher  pump  inlet  temperatures,  it  is  reason¬ 
able  to  assume  that  higher  manifold  inlet  fuel  temperatures  will  require 
fuels  of  higher  thermal  stability.  The  300/400  base  level  of  thermal 
stability  has  accordingly  been  increased  by  the  same  temperature  incre¬ 
ments.  Thus,  the  325°F  mamiold  inlet  temperature  requires,  through 
extrapolation  alone,  a  fuel  with  350/450  thermal  stability  v.h:’e  a  manifold 
inlet  fuel  temperature  100°F  above  the  ba:  !•* .  :  r:  quires  a  fuel  with 
100°F  higher  thermal  stability  (400' 


However,  it  is  known  that  prior  heating  of  fuel  can  degrade  thermal  stability 
by  about  0.  25-1.  0=F  for  each  degree  of  bulk  heating.  In  obtaining  com¬ 
pensated  ASTM  coker  requirements  as  shown  above,  it  was  noted  from 
the  results  of  the  jet  fuel  survey  (F  igure  12-14  and  Figure  1?-I5)  that 
the  response  of  current  Jet  A  and  Jet  A-  1  fuels  to  bulk  heating  was 
quite  flat  over  a  bulk  heating  range  of  100°F  to  250<>F'  (150°F  range)  and 
that  the  change  in  fuel  breakpoint  temperature  over  this  range  was  in  the 
order  of  25aF  for  any  particular  fuel. 

A  compensating  increase  of  25’F"  was  accordingly  applied  against  the 
highest  temperature  considered  (300°F  pump  inlet  temperature).  This 
was  also  applied  against  the  275  °F  pump  inlet  requirement  as  a  safety 
factor.  It  was  not  considered  necessary  to  apply  this  correction  against 
the  250°F  pump  inlet  requirement  because  of  the  low  order  of  extrapola¬ 
tion  of  this  condition,  from  the  existing  base. 
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The  above  analysis  shows  that  current  Jet  A  fuels  will  require  an'ASTM- 
CFR  Fuel  Coker  thermal  stability  of  350/450  to  be  satisfactory  ift  the  SST  , 
airplane  and  pcwerpiant.  Based  on  the  survey  of  domestic  fuel  sources 
described  in  Section  A  this  level  of  thermal  stability  can  be  met  by  approx¬ 
imately  ninety  percent  of  existing  Jet  A  or  Jet  A-l  type  fuels,  as  shown 
in  Figure  12-8  and  Figure  12-9. 


>3 


The  suitability  of  this  fuel  was  also  investigated  as  regards  to  it3  metal 
temperature  breakpoint.  This  was  accomplished  by  replotting  the  pre¬ 
heater  deposit  breakpoint  temperatures  determined  for  the  survey  fuels 
in  terms  of  metal  temperature  contacting  the  fuel  rather  than  the  usual 
preheater  fuel  outlet  temperature.  Using  this  approach,  it  was  found 
that  the  survey  fuels  had  a  distribution  of  metal  temperature  breakpoint 
{Code  3  deposit)  for  the  standard  and  research  fuel  cokers  as  shown  in 
Figure  12-30.  As  shown,  the  research  coker  had  a  similar  breakpoint 
distribution  curve  for  both  75  ®F  and  I75°F  reservoir  fuel  temperature. 

Accordingly,  the  gens*  raliv  hiuher  metal  breakpoint  temperature  shown 
for  the  ASTM  coker  is  believed  to  result  from  mechanical  differences 
between  the  cokers  and  not  because  of  fuel  bulk  heating  effects  in  the 
resear  •  <  oker. 


The  differences  between  the  research  and  ASTM  fuel  cokers  is  further 
demonstrated  in  Figure  12-31  which  shows  the  relationship  between  pre¬ 
heater  breakpoint  temperature  and  fuel  coker  metal  temperatures  for 
the  survey  fuels.  On  the  basis  of  the  relationship  shown,  the  350/450 
standard  coker  fuel  can  be  used  in  a  system  having  metal  temperatures 
m  contact  with  fuel  of  475 T.  Review  of  the  environmental  fuel  temper¬ 
atures  indicates  that  maximum  metal  temperature  in  the  engine  oil  heat 
exchanger  will  be  about  400 ®F,  this  temperature  being  within  the  thermal 
capability  of  a  350/450  ASTM  Coker  fuel.  Likewise,  it  has  previously 
been  mentioned  that  other  fuel  system  metal  temperatures  can  be  held, 
through  design,  below  450  °F- 

Criteria  on  the  suitability  of  SST  fuel  requires  that  the  fuel  be  current 
aviation  kerosene  of  the  Jet  A  type  or  a  fuel  of  equivalent  cost.  Inasmuch 
as  a  technical  review  of  SST  requirements  has  indicated  a  need  for  a  fuel 
having  a  thermal  stability  50 °F  better  than  current  Jet  A,  the  economic 
aspects  of  the  required  fuels  were  analyzed. 

In  this  analysis  the  results  of  the  ASTM-CFR  Coker  tests  conducted 
during  the  survey,  described  at  the  beginning  of  this  section,  were 
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examined  to  determine  what  portion  of  the  domestic  supply  of  J;et  A  t 
type  fuel  could  presently  meet  the  required  SST  thermal  stability  levels. 
Ir.  examining  the  available  data  it  was  assumed  that  Jet  A  and  Jet-Ar  P. 
type  fuels  vvor’d  not  have  different  thermal  stability  characteristics- 
because  of  slight  volatility  differences.  Accordingly,  all  of  the  avail¬ 
able  standard  coker  data  was  examined  to  obtain  a  wider  statistical 
coverage.  Based  on  the  current  acceptable  levels  of  preheater  \  „ 

deposit  and  filter  pressure  increase  it  was  found  that  forty  out  of  ;v 
forty-nine  survey  fuels  or  eighty- two  percent  of  the  total  were  accept¬ 
able  as  indicated  in  the  tabulation  below:  - 


"  - 

.  -  O- ^ 

'' ' ' 

\ 

•  '  ■% 
..  i 


■A 


Number  of  fuels  passing  ASTM-CFR  Coker 
Test  at  350/450  Code  2  P/H  deposits,  max. 
13’'Hg.  Filter  pressure  rise.  Max. 

Number  of  fueis  failing 

Marginal 

Number  of  Fuels  in  Survey 


40 

8 

~49~ 


\ 


*  On  basis  of  13.2  inches  Hg.  filter  pressure  rise 


While  the  above  data  indicates  that,  a  large  percentage  of  present 
commercial  aviation  kerosene  was  acceptable  for  SST  usage,  it  was 
not  known  whether  including  a  specification  requirement  for  a  fuel 
thermal  stability  of  350/450  based  on  ASTM  coker  tests  would  permit 
procurement  of  fuel  under  the'tornparable  price  criteria.”  To  deter¬ 
mine  this,  five  major  oil  companies  were  requested  to  submit  state¬ 
ments  indicating  whether  this  level  of  jet  A  thermal  stability  would 
entail  increased  fuel  prices  relative  to  Jet  A  fuel. 


Replies  from  four  of  the  five  major  producers  have  confirmed  that  fuel 
meeting  the  350/450  thermal  stability  requirement  can  be  supplied  by 
them  for  SST  operation  in  the  1970  period  at  no  increase  in  price  rela¬ 
tive  to  fuels  of  ASTM  Jet  A  quality.  Three  replies  specifically  indicated 
that  no  price  differential  with  Jet  A  w'ould  result;  cne  replied  to  the  effect 
that  no  substantial  differential  would  occur,  while  one  replied  that  some 
increase  in  fuel  costs  should  be  expected.  Pertinent  excerpts  from  the 
replies  received  from  each  major  oil  company  are  quoted  below: 


Major  Oil  Co.A.  ”We  consider  it  feasible  to  supply  kerosene  type 

turbpiuel  for  the  SST  meeting  a  thermal  stability 
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Major  Oil  Co.  B. 


requirement  of  350/450  in  the  standard  coker. 

We  anticipate  that  this  requirement  can  be-  met 
at  our  refineries  at  no  increase  in  cost  over  the 
then  prevailing  cost  of  kerosene  type  turbofuei 
meeting  the  requirements  of  ASTM  Type  A". 

".  .  .  .we  expect  improvements  m  refinery  processes 
and  refinery  equipment  which  will  make  iMs  quality 
level  possible  starting  in  197G  a.t  no  increase  in 
price  in  Jet  A  type  fuel  due  only  to  this  increase  in 
thermal  stability  requirement”. 


Major  Oil  Co.  C  . 


Major  Oil  Co.  D. 


"With  regard  to  price  of  SST  fuel  in  the  1970-1972 
period,  we  can  only  advise  that  this  will  be  de¬ 
termined  by  the  supply  and  demand  conditions 
existing  at  that  time.  However,  we  can  state 
that  we  would  not  expect  a  substantial  difference 
in  the  1970-72  price  for  this  fuel  and  the  Type  A 
fuel  for  subsonic  aircraft,  provided  that  quality 
levels  are  essentially  the  same  and  tnai  more 
costly  distribution  facilities  are  not  required  Ic 
maintain  SST  fuel  quality". 

".  .  .will  be  able  to  supply  fuel  meeting  350/450 
thermal  stability  requirements  at  commit. itive 
prices  beginning  1970-72".  (Telegram  reply) 


Major  Oil  Co.  E. 


"While  much  of  (our)  production  of  Jet  A ~i  meets.  . 
the  350/450  conditions  there  is  sizable  production 
which  will  not  now  meet  this  criterion.  To  bring 
all  (our)  production  up  to  this  criterion  would 
require  some  increase  in  treating  costs.  It  is 
difficult  to  be  definite  about  price  levels  this  far 
in  advance  of  1970.  ...  In  any  event  we  forse'fe  some 
increase  in  fuel  costs  as  compared  to  Jet  A-l”. 
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E.  THERMAL  STABILITY  IMPROVEMENT  WITH  ADDITIVES 

As  a  supplement  to  the  SST  Phase  II -A  test  program  on  fuels,  Pratt 
&  Whitney  Aircraft  undertook  at  its  own  expense  a  series  of  fuel  ther¬ 
mal  stability  tests,  utilizing  the  domestic  survey  fuels  and  the  SSF 
Modified  version  of  the  standard  ASTM  coker  to  demonstrate  that  fuel 
thermal  stability  could  be  upgraded  by  means  of  additives  at  no  signi¬ 
ficant  fuel  price  increase. 

The  SSF  Modified  version  r  the  ASTM-CFR  Fuel  Coker  was  chosen 
because  it  requires  only  gallons  of  test  fuel  and,  like  the  research 

fuel  coker,  operates  wi.»  .ated  fuel  reservoir.  Tests  on  the  survey 
fuels  were  carried  out  at  i  reservoir  temperature  of  175°F  and  a  flow 
rate  and  duration  of  2.  5  Ibs/hr.  and  5  hours  respectively. 

Breakpoint  temperatures  seeking  a  Code  3  preheater  deposit  level  were 
obtained  on  the  survey  fuels  to  establish  a  non -additive  base  line  per¬ 
formance.  The  fuels  were  retested  after  addition  of  a  thermal  stability 
additive  at  a  concentration  of  30  lb/ 1000  BBL,  using  DuPont  JFA5  as 
the  additive.  Based  on  prices  currently  in  effect  for  this  additive,  the 
cost  of  treatment  was  0.  05  cents/gallon;  the  concentration  level  being 
arbitrarily  set  at  twice  the  maximum  concentration  currently  approi/ed 
for  this  additive. 

Results  of  the  Modified  Fuel  Coker  tests  obtained  to  date  with  and  with¬ 
out  the  additive  are  shown  in  Figure  12-33,  In  all  cases,  significant 
improvement  through  complete  elimination  of  filter  pressure  drop 
was  attained  by  use  of  the  additive.  For  some  fuels,  significant  im¬ 
provement  in  preheater  deposit  code  was  also  obtained.  However, 
preheater  deposit  code  improvement  was  not  obtained  with  this 
additive  in  ali  instances. 

It  is  believed  that  these  tests  show  the  feasibility  of  improving  the 
thermal  stability  of  current  Jet  A  fuels  which  are  low  in  the  quality 
spectrum  by  means  of  low  cost  additive  treatments.  It  is  also  be¬ 
lieved  that  this  improvement  by  additive  treatment  can  be  made  with 
lower  treating  cost  than  that  indicated  through  more  careful  selection 
of  additive  and  concentration;  this  being  the  usual  line  of  attack  at  the 
individual  refinery  level. 
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IDENTIFICATION  OF  SAMPLES  FOR  DOMESTIC 


JET 

A  AND  JET  A-  1 

FUEL  SURVEY 

PWA 

Vendor 

Location 

ASTM 

Sample  No. 

Code 

Where  Used 

Fuel  Type 

1332 

A 

LAX,  SFO 

> 

1 

I-* 

1333 

B 

A 

1334 

B 

A 

1335 

B 

JFK 

> 

1 

1336 

B 

JFK 

B 

1337 

C 

A-  1 

1338 

n 

A 

1339 

C 

A-  1 

1340 

C 

A 

1341 

C 

A-  1 

1342 

C 

A 

1343 

C 

A 

1344 

C 

A 

1345 

C 

A 

1346 

C 

JFK 

A 

1347 

C 

JFK 

A-l 

1348 

C 

JFK 

A-l 

1349 

C 

D 

1350 

D 

SFO 

A  - 1 

1351 

D 

LAX 

A-l 

1352 

D 

A-l 

135  3 

D 

A  - 1 

1354 

T“» 

c. 

A 

---  - 
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IDENTIFICATION  OF  SAMPLES  FOR) DOMESTIC: 
JET  A  AND  JET  A-l  FUEL  SURVEY  (Cent) 


PW  A 

Vendor 

Location 

ASTM 

Sample  No. . 

Code 

Where  Used 

Fuel  Type 

1355 

E 

*  *  ^ 

A 

1356 

E 

A 

1357 

E 

A 

1358 

E 

A-l  . 

1359 

E 

A 

1360 

E 

ORD 

A-l 

1361 

E 

A 

1362 

F 

A 

1363 

F 

A 

1364 

F 

A 

1365 

F 

A 

1366 

G 

A 

1367 

G 

B 

1368 

C- 

ORD 

A-l 

1369 

H 

JFK 

A 

1370 

H 

JFK 

A 

1371 

J 

ORD 

A-l 

1372 

J 

A-l 

1373 

K 

JFK 

A-l 

1374 

K 

A-l 

1375 

K 

*-♦ 

1 

< 

1376 

K 

A-l 

1377 

L 

A 

I*  igure  12-  1 
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IDENTIFICATION  OF  SAMPLES  FOR  DOMESTIC 


JET  A 

AND  JET  A- 1 

FUEL  SURVEY  (Cont) 

PWA 

V  endor 

Location 

ASTM 

nple  No. 

Code 

Where  Used 

Fuel  Type 

1378 

L 

A- 1 

1379 

M 

A 

1380 

M 

A 

1381 

M 

ORD 

A 

1382 

M 

LAX 

fH 

1 

< 

1383 

M 

SFO 

A-  1 

N.  B.  When  "Location  Where  Used"  line  is  blank,  fuel, is  used  at  air¬ 
fields  other  than  the  four  major  international  air  terminals  - 
J.  F.  Kennedy,  New  York  City,  (JFK),  O’ Hare,  Chicago,  (ORD), 
Los  Angeles  (LAX)  and  San  Francisco  (SFO) 
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SUMMARY  OF  TESTS  TO  DETERMINE  BREAKPOINT 
TEMPERATURES  OF  DOMESTIC  FUEL  SURVEY 
SAMPLES  IN  ASTM-CFR  FUEL  COKER 


PWA 

Sample  Temp.  Conditions  Filter  Tub  -  Deposit 


Number 

Preheater /Filter 

AP/Time 

Cold 

Hot 

1332 

350/450 

2. 8/300 

0 

2 

i 

0 

0 

0 

1 

1 

1 

2 

2 

2 

2 

400/500 

3.  8/300 

1 

2 

1 

1 

1 

1 

1 

1 

1 

2 

4 

4 

3 

450/550 

9.  5/300 

1 

1 

1 

1 

1 

1 

1 

1 

6 

5 

6 

6 

5 

1333 

350/450 

3. 2/300 

1 

1 

1 

1 

1 

1 

i 

1 

1 

1 

1 

1 

1 

375/475 

2.  7/300 

1 

2 

1 

1 

1 

7 

X 

1 

1 

1 

1 

1 

2 

2 

400/500 

2. 0/300 

0 

1 

1 

0 

1 

0 

0 

1 

i 

1 

1 

1 

2 

425/525 

25.  /224 

1 

1 

1 

1 

1 

1 

1 

1 

5 

5 

5 

5 

3 

1334 

350/450 

5.  8/300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

375/475 

0.  8/300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

400/500 

22.  /300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

425/525 

3.  3/300 

0 

1 

2 

1 

1 

1 

1 

1 

1 

1 

3 

3 

2 

450/550 

2.  3/300 

1 

1 

1 

1 

1 

7 

3 

4 

4 

4 

6 

6 

3 

1335 

350/450 

7.  2/300 

1 

2 

2 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

400/300 

4. 5/300 

2 

2 

1 

1 

1 

1 

1 

1 

1 

2 

3 

4 

4 

450/550 

25.  / 198 

0 

0 

0 

0 

0 

0 

0 

2 

6 

6 

6 

3 

3 

1336 

350/450 

0.  5/300 

1 

2 

2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

375/475 

0.  1/300 

1 

2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

400/500 

0.  2/300 

1 

2 

2 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

425/525 

0.  5/300 

1 

1 

1 

1 

1 

1 

1 

1 

2 

3 

3 

3 

2 

1337 

375/475 

0.  2/300 

1 

2 

2 

2 

2 

1 

1 

2 

1 

1 

1 

1 

1 

400/500 

8. 0/300 

I 

2 

1 

1 

1 

1 

1 

1 

l 

1 

1 

2 

2 

425/525 

25.  / 175 

1 

2 

2 

2 

2 

2 

2 

2 

2 

3 

3 

3 

3 

1338 

350/450 

0.  2/300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

l 

375/475 

0.  9/300 

1 

1 

1 

1 

1 

1 

1 

2 

3 

3 

4 

4 

2 

1339 

350/450 

0.  2/300 

1 

2 

1 

i 

1 

1 

1 

1 

1 

X 

1 

1 

2 

2 

375/475 

0.  5/300 

0 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

400/500 

1. 1/300 

1 

2 

7 

1 

1 

1 

1 

1 

1 

1 

1 

3 

6 

1340 

350/450 

0.  /300 

1 

1 

1 

1 

1 

1 

X 

1 

1 

1 

1 

i 

1 

375/475 

0.  /300 

1 

1 

1 

1 

1 

l 

1 

1 

1 

1 

1 

1 

1 

400/500 

0.  1/300 

0 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

3 

3 

1341 

350/450 

0.  /300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

375/475 

0.  1/300 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

7 

L 

2 

2 

400/500 

0.  2/300 

0 

2 

0 

0 

0 

0 

0 

1 

1 

1 

2 

2 

2 

425/525 

0.  2/ '00 

1 

I 

1 

1 

1 

1 

1 

1 

1 

2 

6 

6 

6 
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SUMMARY  OF  TESTS  TO  DETERMINE  BREAKPOINT 
TEMPERATURES  OF  DOMESTIC  FUEL  SURVEY 
SAMPLES  IN  ASTM-CFR  FUEL  COKER  (Cont) 


r 

$ 


Sample 

Number 

Temp.  Conditions 
Preheater  /Filter 

Filter 

AP/Time 

Cold 

Tube  Deposit 

Hot 

\  .1352 

325/425 

0/300 

1 

2 

2 

1 

1 

1 

1 

1 

1 

1 

2 

2 

1 

350/450 

0/300 

1 

1 

1 

0 

0 

0 

2 

6 

6 

6 

3 

3 

1 

375/475 

0.  2/300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

5 

5 

3 

1353 

350/450 

0.  6/300 

0 

1 

0 

1 

1 

1 

1 

1 

1 

2 

2 

2 

1 

375/475 

25.  / 104 

0 

1 

1 

0 

0 

1 

1 

2 

2 

3 

3 

3 

2 

1354 

350/450 

0.  3/300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

375/475 

0.  4/300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

3 

3 

400/500 

2. 0/300 

2 

2 

2 

2 

2 

2 

2 

2 

4 

5 

5 

5 

4 

1355 

350/450 

0.  1/300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

375/475 

0.  1/300 

2 

2 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

400/500 

1.  6/300 

1 

1 

1 

1 

1 

1 

3 

6 

6 

6 

5 

5 

6 

1356 

275/375 

0.  /300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

300/400 

f'  7/300 

1 

1 

1 

1 

1 

1 

1 

1 

3 

3 

4 

3 

2 

325/425 

0/J.00 

1 

2 

1 

1 

1 

2 

3 

3 

4 

4 

4 

4 

4 

350/450 

r.'300 

0 

2 

2 

2 

2 

1 

2 

2 

2 

3 

4 

3 

4 

1357 

350/450 

1.  5/jJJ 

0 

2 

2 

0 

0 

0 

0 

0 

0 

0 

0 

2 

2 

375/475 

8. 8/300 

1 

i 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

400/500 

2. 6/300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

3 

3 

2 

1358 

350/450 

0.  7/300 

1 

2 

2 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

375/475 

0.  2/300 

1 

2 

2 

1 

1 

1 

1 

1 

1 

1 

X 

1 

2 

2 

400/500 

0.  5/300 

1 

2 

2 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

425/525 

25/259 

1 

X 

1 

X 

) 

1 

1 

1 

1 

1 

4 

6 

6 

6 

5 

1359 

350/450 

0/300 

1 

1 

1 

i 

1 

1 

2 

2 

2 

2 

2 

2 

375/475 

0.  /300 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

3 

3 

1360 

350/450 

0.  9/300 

0 

1 

1 

0 

0 

1 

1 

1 

1 

2 

2 

2 

2 

375/475 

4. 8/300 

1 

2 

2 

i 

1 

1 

1 

1 

1 

1 

1 

1 

1 

400/500 

25/268 

1 

2 

1 

1 

1 

1 

2 

2 

2 

4 

4 

3 

3 

450/550 

25/135 

1 

2 

1 

1 

1 

2 

2 

4 

4 

5 

5 

5 

3 

1361 

350/450 

0.  2/300 

1 

1 

1 

I 

X 

1 

2 

2 

i 

1 

1 

1 

1 

2 

375/475 

0.  1/300 

1 

L 

1 

1 

2 

2 

3 

4 

4 

4 

4 

4 

4 

1362 

350/450 

11.  /300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

375/475 

25/258 

1 

1 

\ 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

400/500 

25/192 

1 

1 

1 

1 

1 

1 

l 

2 

3 

6 

6 

6 

2 

c 
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SUMMARY  OF  TESTS  TO  DETERMINE  BREAKPOINT 

TEMPERATURES  OF  DOMESTIC  FUEL  SURVEY 

SAMPLES  IN  ASTM-GFR 

FUEL  COKER  (Cent) 

* 

PWA 

Sample 

Temp.  Conditions 

Filter 

Tube  Deposit 

Number 

Preheater /Filter 

AP/Time 

Cold 

Hot 

1363 

350/450 

1.  4/300 

0  1  1  0  0  0  1  1  1  1 

1 

1  1 

375/475 

1.  0/300 

0  2  2  1  1  1  1  1  1  1 

2 

2  1 

400/500 

0.  3/300 

12  2  1111111 

1 

2  2 

425/525 

0.  1/300 

1222222233 

4 

4  3 

1364 

350/450 

0.  4/300 

0  111111111 

1 

1  1 

375/475 

25/219 

12  2  111112  2 

2 

2  2 

400/500 

25/254 

0  2  1  1  1  1  1  2  2  3 

3 

4  3 

1365 

350/450 

0/300 

1  2  2  2  2  1  1  1  1  1 

1 

2  2 

375/475 

' . 0/300 

111111115  5 

c 

5  1 

1366 

325/425 

1.  2/300 

.1  .2. 2. 2. 2. 2. 2.1  .1  .1 

.2 

.2  .2 

350/450 

1. 2/300 

1  2  2  1  1  1  1  2  2  3 

2 

2  3 

1367 

350/45C 

0.  7/3  00 

12  2  1111111 

1 

2  2 

375/475 

0.  7/300 

1  1  1  1  0  0  0  0  1  2 

2 

2  1 

400/500 

1. 7/300 

111111113  4 

4 

3  2 

1368 

300/400 

0.  4/300 

0100000000 

0 

1  1 

325/425 

0.  4/300 

1111111111 

1 

1  1 

350/450 

1.3/300 

0100122444 

4 

3  1 

450/550 

25/68 

1  1  1  0  0  0  0  4  6  6 

6 

6  5 

1369 

350/450 

0.  2/300 

1  2  1  1  1  1  2  2  2  2 

2 

2  2 

375/475 

0.  1/300 

1111111111 

1 

1  1 

400/5  JO 

0.  8/300 

0000000267 

7 

4  1 

450/550 

25/174 

0100036667 

7 

6  6 

1370 

350/450 

2.  2/300 

2  2  2  1  1  1  1  1  2  2 

1 

2  2 

375/475 

0.  2/300 

0  0  0  0  0  0  1  1  1  1 

1 

1  1 

400/500 

25/204 

1210000566 

6 

6  3 

450/550 

25/198 

1  2  1  1  1  1  2  6  5  7 

7 

7  5 

1371 

350/450 

7.  3/300 

1111111111 

1 

2  2 

375/475 

6.  7/300 

0  1  1  2  2  2  3  3  1  1 

1 

1  1 

1372 

350/450 

C.  9/300 

1  1  2  2  2  2  2  2  1  1 

1 

2  2 

375/475, 

6.  3/300 

1  2  2  2  2  2  1  1  1  1 

1 

2  2 

400/500 

6.  1/300 

0  2  1  1  1  1  0  0  0  0 

1 

2  3 

1373 

350/450 

5.  2/300 

12  1111115  1 

1 

2  2 

375/475 

12.  /300 

0200333000 

0 

0  2 
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SUMMARY  OF  TESTS  TO  DETERMINE  BREAKPOINT 
TEMPERATURES  OF  DOMESTIC  FUEL  SURVEY 
SAMPLES  IN  ASTM-CFR  FUEL  COKER  (Cont) 


?  fv 
b  c 

1  I- 

PWA 

Sample 

Number 

Temp.  Conditions 
F-reheater/ Filter 

Filter 

AP/Time 

Cold 

Tube  Deposit 

Hot 

i  1 

1 1 

1374 

350/450 

0.  6/300 

1 

2 

2 

1 

I 

1 

1 

1 

1 

1 

1 

2 

2 

i 

375/475 

3. 0/300 

1 

2 

1 

1 

1 

t 

A 

1 

1 

1 

1 

1 

2 

1 

fi 

400/500 

25/223 

1 

2 

2 

1 

1 

1 

1 

1 

1 

6 

5 

5 

6 

[  ¥. 

1375 

350/450 

0.  7/300 

i 

2 

2 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

I*  *r 

375/475 

2. 0/300 

0 

2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

t  \ 

l  *, 

400/500 

22.  /300 

1 

2 

2 

1 

1 

1 

1 

1 

1 

1 

1 

3 

3 

0-  (- 

f 

k  f* 

1376 

350/450 

0.  /3 00 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

r  £ 

375/475 

0.  1/300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

) 

1 

» 

t 

400/500 

0.  5/300 

1 

1 

1 

l 

1 

1 

1 

1 

1 

1 

1 

1 

1  " 

i  e 

425/525 

25/167 

1 

1 

1 

1 

1 

1 

1 

2 

5 

6 

7 

7 

6 

I 

1377 

350/450 

0.  3/300 

0 

2 

1 

1 

0 

1 

0 

0 

0 

0 

0 

2 

2 

l  *' 

* 

375/475 

3. 2/300 

1 

2 

i 

1 

1 

1 

2 

2 

2 

2 

1 

2 

2 

U  ’ 

1 

400/500 

6.  3/300 

1 

2 

2 

2 

2 

3 

3 

4 

3 

2 

2 

3 

4 

1378 

325/425 

25/278 

1 

2 

2 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

£  c, 

350/450 

0.  1/300 

2 

2 

1 

1 

1 

4 

4 

1 

1 

1 

1 

2 

2 

V- 

1379 

350/450 

19/300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

l 

1 

1 

1 

l  l 
£  £ 

375/475 

25/92 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

2 

2 

|  4 

400/500 

25/108 

0 

0 

0 

1 

1 

1 

1 

2 

3 

4 

5 

5 

4 

1  *' 

1380 

350/450 

0.  4/300 

1 

2 

? 

1 

1 

1 

% 

l 

1 

1 

1 

1 

2 

2 

1 

375/475 

0.  6/300 

1 

2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

% 

400/500 

3.  8/3  00 

1 

2 

2 

1 

1 

2 

1 

1 

I 

1 

1 

1 

2 

2 

1  * 

425/525 

13/300 

0 

2 

1 

1 

1 

1 

1 

1 

3 

6 

6 

4 

4 

|  ; 

1381 

250/350 

0.  2/300 

0 

2 

1 

1 

1 

1 

1 

1 

1 

l 

1 

1 

1 

s; 

* 

275/375 

0.  1/300 

1 

3 

3 

2 

1 

1 

1 

1 

2 

2 

2 

2 

3 

I  -■ 

300/400 

1.  3/300 

1 

3 

3 

I 

1 

i 

1 

1 

1 

1 

1 

3 

3 

[  ; 

325/425 

vZ.  6/3  00 

1 

3 

1 

1 

1 

1 

1 

1 

1 

1 

1 

3 

3 

R 

350/450 

9.  4/3  00 

X 

3 

3 

1 

1 

1 

1 

1 

1 

1 

2 

3 

3 

I  ' 

375/475 

6.  1/300 

.1 

C 
-  -/ 

.5 

.1 

.1 

.1 

.1 

.1 

.1 

.1 

.  _ 

3 

3 

I 

1382 

350/453 

2.  1/300 

X 

2 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

1  ! 

375/-i75 

6.  3/300 

1 

X 

2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

1 

400/500 

3.  8/300 

1 

2 

2 

1 

1 

1 

2 

2 

2 

2 

3 

3 

3 

I  ? 

1383 

350/450 

4.  2/30C 

1 

2 

2 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

ft*. 

375/475 

19.  /300 

0 

2 

2 

0 

0 

0 

0 

0 

0 

1 

1 

2 

2 

I 

400/500 

25.  /282 

1 

2 

2 

1 

1 

1 

1 

3 

3 

4 

4 

4 

3 
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SUMMARY  OF -TESTS  TO  DETERMINE  BREAKPOINT 
TEMPERATURES  OF  DOMESTIC  FUEL  SURVEY 
SAMPLES  IN  CRC  RESEARCH  FUEL  COKER  (Cont) 


PWA 

Temp. 

Conditions 

Tube  Deposit 

Sample 

Preheater/ 

Filter 

Number 

RES. 

Filter 

AP/Time 

Cold 

Hot 

1347 

175 

375/475 

25/211 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

400/500 

25/155 

1 

1 

1 

1 

1 

1 

1 

1 

1 

3 

6 

6 

6 

AMB 

375/475 

25/114 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

3 

400/500 

25/172 

0 

) 

1 

l 

J 

i 

1 

1 

1 

1 

3 

3 

4 

1348 

250 

350/450 

0.  7/3G0 

0 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

1 

375/475 

25/200 

1 

1 

1 

1. 

1 

1 

1 

1 

2 

6 

6 

5 

6 

400/500 

25.  /70 

1 

1 

1 

1 

1 

1 

1 

2 

5 

6 

6 

6 

5 

175 

350/450 

0.  1/300 

1 

1 

1 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

375/475 

25.  /284 

1 

1 

1 

1 

2 

2 

1 

1 

1 

6 

6 

5 

6 

AMB 

325/425 

0.  1/300 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

350/450 

1.  1/300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

4 

6 

6 

1350 

250 

350/450 

25/145 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

1 

1 

2 

375/475 

25/54 

C 

0 

0 

0 

0 

0 

1 

1 

2 

3 

3 

4 

3 

175 

325/425 

3. 3/300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

350/450 

25/94 

1 

1 

1 

J 

1 

2 

2 

2 

2 

3 

4 

4 

4 

375/475 

25/64 

0 

1 

2 

2 

2 

2 

2 

3 

6 

6 

5 

6 

6 

AMB 

325/425 

25/201 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

350/450 

25.  / 5 9 

1 

1 

1 

1 

1 

1 

1 

2 

2 

3 

6 

6 

6 

1351 

250 

350/450 

25.  / 1 04 

0 

0 

0 

0 

1 

1 

1 

1 

1 

-t 

» 

1 

2 

c 

375/475 

25.  / 32 

1 

1 

1 

1 

1 

1 

1 

1 

6 

6 

5 

6 

6 

175 

350/450 

1.  2/300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

375/475 

25.  / 3 0 

1 

1 

1 

] 

1 

1 

3 

3 

r 

5 

5 

5 

5 

AMB 

350/450 

1.  2/300 

3 

i 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

i 

1 

375/475 

25/40 

1 

J 

1 

1 

1 

1 

1 

2 

6 

5 

5 

5 

5 

1360 

250 

350/450 

0.  2/300 

0 

0 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

400/500 

1.  5/300 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

2 

2 

425/525 

25/146 

i 

X 

1 

1 

1 

1 

1 

1 

2 

2 

2 

3 

3 

3 

175 

425/525 

25/214 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

450/550 

25/192 

1 

1 

I 

1 

i 

1 

2 

2 

2 

3 

3 

3 

3 

AMB 

425/525 

7.  0/300 

0 

0 

0 

1 

1 

1 

1 

1 

1 

2 

2 

2 

2 

450/550 

25.  /257 

1 

1 

1 

1 

1 

1 

1 

1 

2 

2 

3 

3 

2 
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SUMMARY  OF  TESTS  TO  D£T°ER  MINE  BREAKPOINT 
TEMPERATURES  OF  DOMESTIC  FUEL  SURVEY 
SAMPLES  IN  CRC  RESEARCH  FUEL  COKER  (Coni) 


PWA 

Temp. 

Conditions 

Tube  Depos 

it 

Sample 

Preheater/ 

Filter 

Nurnot  » 

RES. 

FP'er 

AP/Tirne 

Cold 

Hot 

1368 

2  50 

325/425 

0.  3  '300 

1 

1 

1 

1 

3 

1 

1 

1 

1 

1 

1 

1 

1 

350/450 

0.  5/3  00 

1 

! 

1 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

375/475 

25/97 

0 

1 

1 

1 

1 

A 

1 

t 

i 

2 

5 

5 

5 

4 

4 

400/500 

18.  /3 00 

1 

1 

1 

1 

1 

1 

1 

3 

2 

2 

6 

6 

6 

175 

350/450 

0.  6/300 

1 

1 

1 

2 

2 

1 

1 

1 

1 

1 

1 

2 

2 

375/475 

7.  6/300 

0 

1 

! 

1 

1 

1 

1 

i 

1 

1 

3 

4 

4 

AMR 

350/4*0 

0  5/ 300 

0 

! 

1 

) 

2 

2 

2 

2 

2 

2 

2 

2 

2 

375/475 

8/300 

1 

2 

1 

1 

2 

2 

2 

2 

2 

2 

4 

4 

3 

136^ 

2*0 

350/450 

0.  1/300 

0 

0 

0 

0 

0 

0 

0 

1 

1 

1 

1 

1 

1 

375/475 

1.  6/300 

2 

3 

3 

2 

2 

2 

2 

3 

4 

6 

6 

6 

6 

400/500 

0.  4/300 

0 

n 

0 

2 

2 

1 

1 

1 

3 

5 

6 

6 

6 

!  7  * 

325/425 

0.2/300 

0 

1 

0 

0 

0 

0 

0 

0 

1 

1 

1 

1 

1 

350/450 

0  /300 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

3 

3 

2 

375/4"* 

0.  8/300 

! 

1 

I 

1 

1 

1 

1 

i 

6 

6 

6 

6 

4 

400/500 

0.3/300 

) 

1 

1 

1 

1 

2 

2 

2 

2 

4 

6 

6 

6 

AM  13 

350/450 

1.  0/300 

0 

0 

1 

» 

1 

1 

1 

1 

1 

1 

1 

2 

2 

2 

375/475 

0.  1/30C 

0 

0 

I 

1 

1 

1 

1 

1 

1 

1 

2 

4 

2 

1370 

250 

350/450 

1.  3/300 

1 

1 

; 

1 

1 

X 

i 

1 

2 

1 

i 

1 

1 

1 

375/475 

20/300 

0 

0 

0 

0 

0 

0 

1 

l 

2 

3 

3 

2 

2 

400/500 

25/240 

1 

1 

I 

1 

i 

1 

1 

1 

1 

1 

5 

5 

6 

175 

375/475 

0.  2/300 

l 

1 

1 

2 

2 

2 

2 

2 

2 

2 

2 

2 

7 

400/500 

0.  3/300 

1 

1 

1 

2 

2 

2 

2 

2 

2 

2 

2 

3 

3 

A  MB 

375/475 

0. 4/300 

3 

1 

1 

1 

1 

1 

1 

1 

? 

A 

1 

1 

1 

* 

/ 

400/500 

0.  5/300 

1 

1 

1 

1 

1 

1 

1 

i 

1 

l 

1 

1 

6 

6 

"  ! 37  1 

250 

400/500 

25.  /240 

I 

1 

A 

1 

1 

1 

1 

J 

2 

2 

2 

2 

2 

2 

425/525 

25/192 

i 

t 

1 

1 

1 

1 

i 

1 

1 

1 

2 

2 

2 

2 

450/550 

25/178 

1 

1 

1 

i 

1 

1 

1 

1 

Z 

2 

2 

3 

4 

275 

425/525 

25/190 

0 

2 

2 

2 

2 

2 

1 

1 

2 

1 

i 

j 

1 

450/550 

25/196 

1 

1 

j 

i 

) 

1 

1 

1 

1 

2 

2 

2 

4 

AMB 

425/525 

25/196 

0 

i 

1 

1 

1 

1 

1 

2 

2 

3 

7 

3 

3 

1373 

250 

350/450 

25.  /220 

1 

1 

i 

1 

1 

j 

1 

1 

1 

1 

2 

2 

7 

375/475 

25. / 147 

1 

1 

i 

1 

0 

0 

0 

1 

2 

2 

4 

4 

4 

400/500 

25.  / 130 

1 

1 

1 

1 

t 

5. 

1 

2 

6 

6 

6 

•s 

6 

175 

375/475 

2.  9/300 

! 

! 

1 

} 

i 

3 

1 

i 

i 

j 

1 

2 

2 

2 

400/500 

13.  /300 

0 

1 

1 

l 

2 

2 

2 

4 

6 

b 

6 

AMB 

350/450 

0.2/390 

} 

\ 

1 

* 

i 

1 

1 

1 

• 

1 

2 

2 

2 

2 

375/475 

G. 5/300 

1 

1 

1 

A 

] 

2 

2 

2 

2 

2 

7 

6 

6 

5 
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SUMMARY  OF  TESTS  TO  DETERMINE  BREAKPOINT 
■TEMPERATURES  OF  DOMESTIC  FUEL  SURVEY 
SAMPLES  IN  CRC  RESEARCH  FUEL  COKER  (Cont) 


1 

PWA 

Temp. 

Conditions 

Tube  Deposit 

-v 

Sample 

Preheater/ 

Filter 

f. 

Number 

RES. 

Filter 

A  P/Time 

Cold 

Hot 

1 

c, 

1381 

250 

275/375 

0.  5/300 

0 

2 

1 

1 

2 

2 

2 

?. 

1 

1 

1 

1 

1 

1 

300/400 

0.  6/300 

1 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

325/425 

0.  9/300 

1 

I 

i 

1 

1 

1 

'i 

•* 

I 

i 

a 

1 

1 

1 

1 

375/475 

1.  8/300 

0 

0 

0 

1 

1 

1 

1 

\ 

1 

2 

2 

2 

2 

f. 

175 

350/450 

1.  3/300 

1 

1 

1 

1 

1 

1 

l 

1 

1 

1 

1 

1 

1 

s 

375/475 

1.  8/300 

1 

1 

1 

1 

1 

t 

X 

l 

3 

1 

1 

I 

1 

2 

400/500 

25/279 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

3 

6 

6 

A  MB 

375/475 

25/202 

0 

1 

1 

1 

& 

1 

l 

1 

1 

1 

2 

5 

5 

1382 

250 

350/450 

0.  2/300 

1 

1 

1 

1 

3 

1 

1 

1 

1 

1 

1 

1 

1 

/ 

375/475 

0.  5/300 

1 

1 

1 

1 

t 

j. 

1 

l 

1 

1 

1 

1 

1 

1 

•% 

4** 

400/500 

0.  6/300 

1 

1 

1 

1 

i 

1 

1 

1 

1 

1 

1 

1 

1 

V 

425/525 

0.  5/300 

1 

1 

X 

1 

1 

l 

i 

1 

l 

1 

1 

] 

2 

3 

1 

f 

175 

425/525 

0.  5/300 

1 

1 

i 

1 

i 

1 

l 

1 

1 

2 

2 

1 

1 

V 

450/550 

1.  8/300 

1 

1 

1 

i 

i 

1 

l 

1 

r~ 

♦ 

6 

6 

6 

3 

AMB 

400/500 

0.  7/300 

1 

1 

1 

1 

i 

1 

l 

? 

V 

i’ 

1 

1 

2 

2 

1 

425/525 

0.  4/300 

1 

1 

1 

1 

i 

1 

i 

2 

2 

2 

3 

•1 

J 

i 

1383 

Z50 

325/425 

10/300 

1 

1 

1 

1 

i 

1 

1 

1 

1 

1 

2 

2 

2 

1 

350/450 

2. 7/300 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

3 

3 

3 

400/500 

25/271 

3 

1 

1 

1 

1 

1 

1 

1 

1 

1 

3 

1 

1 

450/550 

25/201 

I 

1 

1 

1 

1 

0 

0 

0 

4 

4 

3 

3 

2 

175 

350/450 

0.  t/300 

1 

1 

I 

1 

1 

1 

1 

1 

i 

1 

1 

1 

1 

- 

375/475 

6.  */300 

1 

1 

1 

1 

1 

1 

1 

1 

i 

1 

1 

1 

1 

400/500 

25/275 

1 

1 

1 

1 

1 

1 

1 

1 

i 

3 

1 

1 

1 

£ 

450/550 

2'”/ 2  02 

1 

i 

1 

1 

1 

1 

2 

4— 

5 

6 

6 

6 

4 

AMR 

425/525 

25/103 

1 

1 

1 

1 

1 

1 

1 

1 

1 

4 

6 

5 

4 
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SUMMARY  OF  BREAKPOINT  TEMPERATURES  OF  DOMES  TIC  FUEL  . 
SURVEY  SAMPLES  BASED  ON  CODE  3  EHEATER  DEPOSITS 


CRC  Research  Coker 


PWA 

ASTM-CFR  Coker 

Breakpoint  Temp.  -  "F 

Sample 

Breakpoint 

Ambient 

1 75  °F 

250°F 

Number 

Temp.  -  °F 

Reservoir 

Reservoir 

Reservoir 

1332 

375 

375 

375 

400 

1333 

400 

1334 

425 

1335 

375 

400 

450 

425 

1337 

400 

133  3 

350 

1339 

375 

1340 

400 

1341 

400 

1342 

375 

1343 

400 

1344 

400 

1345 

425 

1346 

400 

375 

400 

375 

134? 

350 

375 

375 

375 

1348 

350 

325 

350 

^50 

1350 

350 

325 

325 

350 

1351 

375 

350 

350 

350 

1352 

325 

1353 

375 

1354 

375 

1355 

375 

1356 

275 

1357 

375 

1358 

400 

1359 

375 

1 360 

375 

450 

450 

425 

1361 

350 

1362 

375 

1363 

400 

1364 

375 

1 365 

350 

Figure  12-6 
(Sheet  1  of  2) 
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SUMMARY  OF  BREAKPOINT  TEMPERATURES  OF  DOMESTIC  FUEL 
SURVEY  SAMPLES  BASED  ON  CODE  3  PREHEATER  DEPOSITS  (Cont) 


CRC  Research  Coker 


PWA 

ASTM-CFR  Coker 

Breakpoint  Temp.  -  °F 

Sample 

Breakpoint 

Ambient 

175’F 

250°F 

Number 

Temp.  -  °F 

Reservoir 

Reservoir 

Reserve 

1366 

350 

1368 

325 

350 

350 

350 

1369' 

375 

350 

350 

1370 

375 

575 

400 

375 

1371 

375 

425 

425 

425 

1372 

400 

1373 

375 

350 

375 

350 

1374 

375 

1375 

400 

1376 

400 

1377 

375 

1378 

325 

1379 

375 

1380 

400 

1381 

350 

375 

375 

1382 

400 

425 

425 

1383 

375 

400 

350 

Figure  12-6 
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DISTRIBUTION  OF  PREHEATER.  BREAKPOINT  TEMPERATURES 
AS  DETERMINED  IN  ASTM-CFR  FUEL  COKER 


Breakpoint 
Temp.  -  °F 


All  Fuels  in  Survey 
Cumulative 


JFK.  O'Hare,  LAX 
SFO  Only 

Cumulative 


2.  0 

0 

6. 1 
16.3 
42.9 
28.6 
4.  1 

100.0 


2.0 

2.0 

8.  1 

1 

6.2 

6.2 

24.4 

4 

25.0 

31.2 

67.3 

9 

56.  3 

87.5 

95.9 

2 

12.5 

100. 0 

100.0 

16 

100.0 

Figure  H2-7 
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DOMESTIC  JET  FUEL  SURVEY 

ASTM-CFR  FUEL  COKER 
P/K  BREAKPOINT  TEMP.  DISTRIBUTION 


Corrected  for  AP  {Code  3)* 


Temperatu  re 

No.  of 
Fuels 

275 

1 

300 

1 

325 

3 

150 

14 

375 

16 

400 

13 

425 

1 

49 


Cumulative 


%_ 

% 

2.  1 

2.  1 

2.  1 

4,  2 

6.  1 

10.3 

28.  5 

38.8 

32.6 

71.4 

26.5 

97.9 

2.  1 

100.  0 

100.0 


'Based  on  Code  3  P/H  deposit  max.  provided 
AP  <13"  Hg  max.  Otherwise  next  lowest  25F 
increment  passing  AP  requirement  and  Code 
3  max. 
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275  300  325  350  375  400 

BREAKPOINT*  TEMP-*F  ASTM-CFR  FUEL  COKER 


SB 


RREHEAtER  BREAKPOINT  TEMPERATURE 
PRC  RESEARCH  FUEL  COKER 


P/H  BREAKPOINT  TEMP- °F~ CODE  3 
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FUEL  SAMPLES 
FROM  MAJOR  AIR  TERMINALS 

12  SAMPLES 


EFFECT  OF  RESERVOIR  FUEL  HEATING  ON  FREHEATFn 
BREAKPOINT  TEMPERATURE  !N  CRC  RESE^H  FU^OKEl 
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.  LUBRICITY  VALUES  OF  DOMESTIC  SURVEY  FUELS 


Fuel  Sampls 
Number 

Ryder  Gear  Load  Carrying  Ability,  Ib/inch 
"A'^side  "BM-side  Average 

F1332 

646 

585 

615 

1335 

250 

432  ' 

341 

1346 

402 

503 

452 

1347 

465 

353 

409 

1348 

582 

25S 

420 

1350 

227 

394 

310 

1351 

298 

246 

272 

1360 

446 

409 

427 

1368 

466 

331 

398 

1369 

233 

286 

259 

1370 

423 

482 

452 

1371 

328 

290 

309 

1373 

325 

229 

277 

1381 

162 

353 

257 

1332 

330 

286 

308 

1383 

313 

328 

320 

Minimum  {lb/ in. ) 

257 

Average  {lb/in.} 

364 

Maximum  (lb/ in. ) 

615 

1 1 

1 1  r~  - 
I !  L 
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MEASURED  FUEL  OXYGEN  CONTENT  DURING- RESEARCH  FUEL 
COKER  TESTS  AT  175F  RESERVOIR  TEMPERATURE 
1.  0±0.  1  PSIA  RESERVOIR  PRESSURE 


Test  Number 

2101 

2103 

2104 

2107. 

2112 

21  !3  ■-  p 

Fuel  Number 

1497 

1497 

1065 

1065 

1498 

1497  p 

Condition,  P/F 

400/ 

425/ 

400/ 

400/ 

450/ 

450/  || 

500 

525 

500 

500 

550 

550  *  || 

Meter  Calib.  %(1) 

19 

20 

20 

20 

21 

20  fc 

Fuel  Oxygen  Content,  %(2) 

Reservoir  heater  or. 

0.40 

0.53 

0.  28 

0.74 

0.47  P 

Start  test,  0  minutes 

0,  33 

0.  36 

0.  39 

0.  18 

0.  15 

0,27  || 

30  minutes 

0.21 

0.  27 

0.41 

0.  16 

0.09 

0.18  |j 

60  minutes 

0.16 

0.38 

0.  31 

0.  12 

0.  13 

0-17  I 

90  minutes 

0.09 

0.35 

0.  31 

0.  11 

0.  16 

0. 17  p 

120  minutes 

0.07 

0.  30 

0.  62 

0.09 

0.  17 

0.17  vp 

150  minutes 

0.07 

0.  33 

0.45 

0.  08 

0.-20 

'  '  "V 

0.18  ;  . 

'  "’i 

180  minutes 

0.06 

0.30 

0.54 

0.  08 

0.21 

0.  4’1  -  ^  ;  .3 

-  5  .  .  ,  ,  .3 

210  minutes 

0.06 

0.25 

0.49 

0.07 

9.22 

0.21  ‘  -v 

240  m routes 

0.06 

0.  15 

0.46 

0.06 

0.22 

0.21 

270  minutes 

0.06 

0.19 

.0.39 

0,  06 

0.  23 

.0.21/  ...  -  | 

End  test.  300  minutes 

0.06 

0.  19 

0.34 

0.05 

0.23 

0.22  -  ,:|| 

Average  O2  Content 
(0-300  .min)  . 

0.11 

0.28 

0.43 

0.09 

0.  18 

0. 20?*-  '  y  j| 

Note  (1)  Calibration  indicates  percent  oxygen  in  air  obtained  by 

sensor  probe  during  calibration  prior  to  each  test.  This 
reading  equivalent  to  fuel  oxygen  content  when  air  saturated. 

(2)  Based  on  fuels  having  80’F  saturated  oxygen  content  as  ; 
follows:  F1497,  3. 17%  v;  F1065r  4.  13%  y;  F1498.  4.  Q0%  v. 


Figure  12-19 
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MEASURED  FUEL  OXYGEN  CONTENT  DURING  RESEARCH  FUEL 
COKER  TE  TS  AT  175*  F  RESERVOIR  TEMPERATURE  (Gont) 
l.OiO.  1  PSIA  RESERVOIR  PRESSURE 


Test  Number 

2115 

2116 

2102 

2106 

2108 

2109 

Fuel  Number 

1497 

1498' 

1497 

1065 

1065 

1493 

Condition,  P/F 

475/ 

575 

475/ 

575 

37  5/ 
475 

375/ 

475 

375/ 

475 

400/ 

500 

Meter  Calib.  ,  %(1) 

20 

20 

19 

20 

20 

20 

Fuel  Oxygen  Content,  %  (2) 

Reservoir  heater  on 

C.  29 

0.  36 

0,  21 

- 

0.52 

- 

Start  test,  0  minutes 

0.  21 

0.  09 

0.19 

0.21 

0.39 

0:18 

30  minutes 

0.  12 

0.04 

0.  17 

0  10 

0.31 

0.06 

60  minutes 

0.  09 

0.  04 

0. 16 

u.  08 

0.  31 

0.05 

90  minutes 

0.09 

0.  03 

0. 15 

0.  08 

0.  2*- 

0.05 

120  minutes 

0.08 

0.04 

0.  13 

0.07 

0.22 

0.05 

1  50  minutes 

0.08 

0.04 

0.  11 

0.  os 

0.20 

0.06 

180  mir.utes 

0.08 

0.04 

0.08 

d.08 

0.18 

0.06 

2.10  minutes 

0.08 

0.04 

0.07 

0,07 

0.15 

0.06 

240  minutes 

0.07 

0.03 

0.04 

0.07 

0.13 

0.07 

270  minutes 

0.07 

0.03 

0.04 

0.07 

0.11 

0.07 

300  minutes 

0.07 

0.03 

0.04 

- 

0. 11 

0.07 

Average  O?  Content  during 
Coker  Te  st 

0.09 

0.  04 

0.  11 

0.09 

0.22 

0.07 

Note  (1)  Meter  reading  for  air  calibration  and  air  satured  fuel  prior 
to  test. 

(2)  O^  Content  based  on:  F-1497  =  3.  17%  vO^  content  sat.  at8Q°F 

F- 1498  =  4.  00%  vO^  content  sat.  at80°F 
F-1065  =4.  1 3%  v  O2  content  sat.  at80°F 


vi'tSr'  — -5555 —  -'5'i355>r<3-«~' 


r=*i  -  C  -=*4 


CONFIDENTIAL 


PRATT  A  WHITNEY  AIRCRAFT 


PW-A  *23,97-  ■'■- 


MEASURED  FUEL  OXYGEN  CONTENT  DURING  RESEARCH  FUEL 
COKER  TESTS  AT  175F  RESERVOIR  TEMPERATURE  (Cdnt)  \ 
l.CttO.  1  PSIA  RESERVOIR  PRESSURE  '  . 


Test  Number 
Fuel  Number 
Condition,  P/F 

Meter  Cal ib.  ,  %{1) 

Fuel  Oxygen  Content,  %{2) 
Reservoir  heater  on 
Start  test,  0  minutes 
30  minutes 
60  minutes 
90  minutes 
120  minutes 
150  minutes 
180  minutes 
210  minutes 
240  minutes 
270  minutes 
End  test,  300  minutes 


Average  O^  Content 
(0-309  min) 


2110 

21  H 

2  AO 

2131* 

2132. 

1498 

1498 

1065 

1065 

1 065 

425/ 

425/ 

450/ 

450/ 

450 

525 

525 

550 

550 

20 

20 

20 

20 

20 

0.44 

0.  37 

0.  58 

0.  20 

0.  30 

0.31 

4.05 

0.  17 

0.  09 

0.  10  . 

0.  17 

4.  05 

0.  12 

0.08 

0.  12 

0.  12 

4.00 

0.  10 

0.08 

0.  14 

0.  10 

4.00 

0.09 

0.08 

0.  15 

0.  10 

3.96 

0.08 

0.08 

0.  17 

0.  .13 

3.90 

0.08 

0.08 

0.  17 

0.  10 

3.92 

6;  08 

0.08 

0.  17 

0.  10 

3.90 

0.08 

D.0S 

0.  17 

-o 

o 

3.  90 

0.08 

0.08 

0.  17 

*-* 

£ 

:n  o 

3.90 

0.08 

0.08 

0.  19 

-2 

3.90 

Q.  08 

0.09 

0.  17 

3.  95 

0>  09 

Note  (1)  Meter  reading  for  air  calibration  and  air  saturated  fuel 
prior  to  test. 

(2)  Based  on  fuels  having  80°F  saturated  oxygen  content  as 
follows:  FI  497*.  3.  !7%v;  FI 065,  4.  13%v;  F1498,  4,00%v. 


^Standard  reservoir  pressure  and  air  saturated  fuel. 

Figure  12rl9 
(Sheet  3  of  5) 


CONFIDENTIAL 


;;  •  A; 


PO-  4*  '3'>*4>4*.f<»»4tt. 

«{>•«*««•  ‘4»rif  . 

-  u*rri>+> 


'*(•*»•  -»j  •*» '*»»T »>•-  ‘ 

« •*.«*■*  »*  .  -  —  -  ' 

•*  .44  »  *t«4,<<>«  *♦-  '  -  -'VO  ,J  -- 


.  ’v 


■A  =%  J- 


.  *  <•  V  *  J''~  **  -  ..  A  '-A  r  >  *V  4^*^  ^'■C.4 


*&=*?> 


>>f 


"CCWFIDENflAlU, 


«c*5r  *v\ 
-*'“  vX  L  *? 


*«ST?  A.WHITNCV  Air  :raft 


MEASURED  FUEL  OXYGEN  CONTENT  DURING  RESEARCH  FUEL 
COKER  TESTS  AT  175F  RESERVOIR  TEMPERA rURE-{Cbftt)> 

1.  0±Q.  I  PSIA  RESERVOIR  PRESSURE  "  r 


Test  Number 

2133 

2094 

2096 

2097- 

2099 

Fuel  Number 

1065 

1497' 

1-497- 

1497 

1065 

Condition,  P/F 

375/ 

375/ 

350/ 

375  / 

425/ 

* 

475 

475 

450 

475 

525. 

Meter  Calib. ,  %  (1) 

20 

17 

Out 

Out 

Out 

Fuel  Oxygen  Content,  %  (2} 

Reservoir  heater  on 

- 

0.  52 

Out 

Out 

Out 

Start  test,  6  minutes 

1.00 

0.35 

Out 

Out 

Out 

30,  minutes 

0.60 

Out 

Out 

Out 

Out 

60  minutes 

0.  5-3 

Out 

Out 

Out 

Out 

90  minutes 

0,48 

Out 

Out 

Out 

Out 

120  minutes 

0.40 

Out 

Out 

Out 

Out 

15C  minutes 

0.40 

Out 

Out 

Out 

Out 

180  minutes 

0.40 

Out 

Out 

Out 

Out 

210  minutes 

0.40 

Out 

Out 

Out 

Out 

240  minutes 

0.40 

Out 

Out 

Out 

Out 

270  minutes 

0.39 

Out 

Out 

Out 

Out 

End  test,  300  minutes 

0.  39 

Out 

Oat 

Out 

Out- 

Average  Oz  Content 

0.49 

_ 

Note  (1)  Meter  reading  for  air  calibration  and  air  saturated  fuel 
prior  to  test. 

(2)  Based  on  fuels  having  80'F  saturated^  oxygen  content  as 
follows:  F1497,  3.  17%v;  F1065,  4.  13%v;  F1498,  4.  00%v. 


Figure  12-1-9 
(Sheet  4  of  5} 


CONFIDENTIAL 


*« ^ ’«»»«  «j» ^ >«“'»«»  »■«*»  %>,t  ,  - 


fV«*js  _  ft\  Vi-% 

*  \  O  ^  -  S'  :  '  Ws.  t.  ^ 

*  .  _  -  -  a*-  '  A<.r^  -  -rc/cw^ 

'"  -  -  -  -  -  > -  •  *v*;  rs-.^Ss 


-«i*a  g 


i- 


■M 


CONPIDCNTIAL. 


C-v1C'L-A''*-l'  *'**. 


PRATT  •.WMITN'tY  AIRCRAFT 


MEASURED  FUEL  OX YGEN  CONTENT  DURING.  .  .--s 
RESEARCH  FUEL  COKER  TEST  S^T  RESERfeift; 

TEMPERATURE  {CONT’D)  : ,  -rS.  2  ^'Sr  t 
1.  0±0.  1  PSIA  RESERVOIR  PRESSURE  .-  - !  -^: 


Test  Number 

2134 

2135 

2136 

2T3# 

■  .  v*  - '  /  -  ’S' S'SS'  * 

Fuel  Number 

1497 

14-97 

1:497 

14.9-7 

i4|8];15|4f|K; 

Condition,  P/F 

3?  0/ 

375/ 

400/ 

500/ 

375/  %00P: 

<3  50 

475 

500 

600 

475:.  7  6G0 

Meter  Calib.  %  (1) 

20 

20 

20 

20 

26  20 

Fuel  Oxygen  Content,  %  (2) 

-  _L 

- 

_ ;.  :-:  ;*- yy  ^ 

Reservoir  Heater  on 

- 

0.  59 

0.  62 

0.  84 

0.  72 

0145 

Start  Test,  0  minutes 

0.  25' 

0.  21 

0.29 

0.44 

0.  18 

0.  14 

30  minutes 

0.  14 

0.  15 

0.  17 

0.  43 

0.  07 

0.  04 

60  minutes 

0.  10 

0.  10 

0.  08 

0.42 

0.  06 

6.  04 

90  minutes 

0.  08 

0.  08 

0.  07 

0.  41 

0.()5  0i:03P 

120  minutes 

0.  08 

0;  07 

0.  07 

0  41 

o.;Q5 

0;  03 

i50  minutes 

0.  08 

0.97 

6.  07 

0.  41 

6.  09-  Q.  03 

180  minutes 

0.  08 

0.  07 

0,  07 

0.  41 

0,  06  0.  03: 

210  minutes 

0.  07 

0.  07 

0.  07 

0.41 

-  0.  05 

0.  03 

24  0  minutes 

0.  07 

0.  07 

0.  07 

0.41 

0.  04 

0:  03 

2  70  minutes 

0.  07 

0.  07 

0.  07 

0.41 

0.  04 

0.03 

End  Test  300  minutes 

0.  07 

0.  07 

0,  °7 

0.  41 

0.  04 

9.  05 

Average  O2  Content 
(0-300  min.  ) 

0.  09 

.  0.  08 

0.  10 

0.41 

0.  06 

0.  04 

«« 


11 


,  .$ 

-  -  -  '"-1  ^ 
.  ^  ^>*  lSi 

_  ~  >.  ■,-*> 
"-.-'jf.  if 

-  .  £  tj| 


Note  (1)  Meter  reading  for  air  calibration  and  air  saturated  fuel 
prior  to  test. 

(2)  Based  on  fuels  having  S0°F  saturated  oxygen  content  as 
follows:  F1497,  3.  17%v;  F1065,  4.  L3«jSv;  F1498,  4.  00%v. 


Figure  12-19" 
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TYPICAL  FUEL  OXYGEN  CONTENT  DURING 
RESEARCH  FUEL  COKER  TEST  AT  LOW  PRESSURE  CONDITIONS 


Figure  12-20 
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MEASURED  FUEL  OXYGEN  CONTENT  DURING 
RESEARCH  FUEL  COKER  TESTS  AT  175F  RESERVOIR 

TEMPERATURE 

L  5  PSIA  RESERVOIR  PRESSURE 


Test  Number 

2149 

2150 

2151 

2156 

2157 

2158 

(■ 

Fuel  Number 

1497 

1497 

1497 

1498 

1498 

1065 

\ 

Condition,  P/F 

375/ 

475 

400/  • 
500 

425/ 

525 

400/ 

500 

375/ 

475 

425/ 

525 

V  , 

Meter  Calib.  %  (i) 

20 

20 

20 

20 

20 

20 

Fuel  Oxvgen  Content,. %  >2) 

Reservoir  Heater  on 

0.  71 

0.  46 

0.  87 

0.88 

0.  77 

0.93 

Start  Test,  0  minutes 

0.  41 

0.  40 

0.  53 

0.  50 

0.  38 

0.  56 

J 

30  minutes 

0.  36 

0.  30 

0.26 

0.  24 

0.26 

G.  48 

60  minutes 

0.  32 

0.  29 

0.  23 

0.22 

0.  20 

0.41 

c 

90  minutes 

0.  29 

0.  2  5 

0.21 

0.  22 

0.  18 

0.  37 

120  minutes 

0.26 

0.  24 

0.  19 

0.  22 

0.  18 

0.  33 

150  minutes 

0.  24 

0  21 

0.  18 

0.22 

0.  18 

0.  31 

180  minutes 

0.22 

0.  19 

0.  17 

0.21 

0.  18 

0.  29 

210  minutes 

0.  2  ! 

0  18 

0.  17 

0.  21 

0.  17 

0.27 

240  minutes 

0.20 

0.  18 

0.  17 

0.  23 

0.  17 

0.  27 

270  minutes 

0.  20 

0.  18 

0.  17 

0.29 

0.  17 

0.  27 

1 

End  Test  300  minutes 

0.  20 

0.  18 

0.  17 

0.  22 

0.  17 

0.27 

Average  Ol  Content 
(0-  300  min.  ) 

0.  26 

0.  24 

0.  22 

0.  25 

0.20 

0.  35 

Note  (1)  Meter  reading  for  fir  calibration  and  air  saturated  fuel 
prior  to  test. 

(2)  Based  on  fuels  having  80°F  saturated  oxygen  content  as 
follows:  F  1*1 9 7,  3.  17%v;F1065,  4.  13%v;F1498,  4.  0G%v. 
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measured  fuel  oxygen  content  during 

RESEARCH  FUEL  COKER  TESTS  AT  175F  RESERVOIR 

TEMPERATURE 

L5  PSIA  RESERVOIR  PRESSURE 


Test  Number 

2159 

2160 

2161 

2163 

2164 

2165 

Fuel  Number 

1065 

1065 

1065 

1497 

1498 

1498 

Condition,  P/F 

425/ 

525 

J>  4» 
O  O 
O  O 

375/ 

475 

450/ 

550 

350/ 

450 

425  ' 
525 

Meter  Calib.  %(!) 

20 

20 

20 

20 

20 

20 

Fuel  Oxygen  Content,  %  (2) 

Reservoir  Heat  on 

1.  34 

0.93 

0.93 

0.90 

1.25 

1. 00 

Start  Test,  0  minutes 

0.  60 

0.76 

0.  72 

0.57 

0.  43 

0.  44 

30  minutes 

0.  50 

0.  46 

0.43 

0.  4  1 

0.  29 

0.  32 

60  minutes 

0.  44 

0.  40 

0.  35 

0.  35 

0.  20 

0.  24 

90  minutes 

0. 

0.  36 

0.  32 

0.  32 

0.  19 

0.  20 

120  minutes 

0.  34 

0.  31 

0.29 

0.  24 

0.  17 

0.  18 

150  minutes 

0.  31 

0.  28 

0.27 

0.  22 

0.  57 

0.  17 

180  minutes 

0.  31 

0.  27 

0.  27 

0.20 

0.  17 

0.  17 

2  !  G  minutes 

0.  30 

0.  26 

0.  2? 

0.  19 

0.  16 

0.  17 

240  minutes 

0.  30 

0.  25 

0.26 

0.  17 

0.  14 

0.  17 

270  minutes 

0.  30 

0.25 

0.  26 

0.  17 

0.  17 

0.  17 

End  Test  300  minutes 

0  30 

0.  25 

0.26 

0.  17 

0.  15 

0.  17 

Average  O2  Content 
(0-300  min.  ) 

0.  37 

0.  35 

,  0.  34 

0.  27 

0.  20 

0.22 

Note  (1)  Meter  reading  for  air  calibration  and  air  saturated  fuel 
prior  to  test. 

(2)  Based  on  fuels  having  80 'F  saturated  oxygen  content  as 

follows:  F1497 .  3.  17%  v;  F1065,  4.  13%  v.;  F1498,  4.00%v. 
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MEASURED  FUEL  OXYGEN  CONTENT  DURING 
RESEARCH  FUEL  COKER  TESTS  AT  1 75F  RESERVOIR 

TEMPERATURE 

J.  5  PSL5  RESERVOIR  PRESSURE 


€ 


Test  Number 

2166 

2167 

2168 

2169 

2170 

Fuel  Number 

140? 

1065 

1498 

1497 

1498 

Condition.  P/ F 

350/ 

450 

'J 1  sP 

O  O 

450/ 

5  50 

325/ 

425 

475/ 

575 

Meter  Caiib.  %  (i) 

20 

20 

•  ’ 

‘  20 

20 

Fuel  Oxygen  Content,  %  (2) 

R user vc i r  Hea  t  On 

0.  »0 

0.  74 

1. 00 

0.  ^0 

0.  74 

Start  Test  0  minutes 

0.  55 

G.  47 

0.  46 

0.46 

0.  35 

30  minutes 

0.  40 

0.  37 

0.  33 

0.  35 

0.  15 

60  minutes 

0.  3  5 

0.  20 

0  26 

0.  31 

0.  !  1 

‘>0  min.  tes 

0.  2-J 

0.  it 

0.  20 

0.  28 

0.  10 

120  minutes 

v.  2‘* 

0.  2  3 

0.  18 

0.  24 

Q.  10 

150  minutes 

0.  2  « 

0  22 

0.  18 

0.22 

0.  >0 

180  minutes 

0.  2-- 

0.  22 

0.  18 

0.  20 

0.  10 

2  If  minutes 

0.  22 

0.  22 

0.  18 

0.  10 

0.  10 

240  minute- 

0 .  L  1 

0.  22 

0.  18 

0.  19 

0.  1C 

270  minutes 

0.  2  1 

0.  22 

0.  18 

0.  Id 

0.  iO 

End  Test  500  minutes 

0.  20 

0,  22 

0.  18 

0.  19 

0.  1 1 

Average  O;?  Content 
{ 0-300  min.}, 

0.  2^ 

0.  27 

0.  23 

0.  26 

0.  13 

Note  i.  i)  Meter  reading  for  air  calibration  and  air  saturated  fuel 
prior  to  test. 

(2)  Based  on  fuels  ha  vine  80  °F  saturated  oxygen  content  as 

follows:  F!4<>7,  3.  17%x  ;F!065.  4.  1  3%  v.  ;  F1498,  4.  00%  v. 
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CUMULATIVE  PER  CENT 


METAL  TEMP'V’F  FOR  CODE  3  P/H  DEPOSIT 


BREAKPOINT  DISTRIBUTION  OF  SURVEY  FUELS 
IN  TERMS  OF  COKER  METAL  TEMPERATURES 
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Effect  of  additive  on  fuel  thermal  stability 

MODIFIED  (SSF  VERSION)  FUEL  COKER  TEST  (Cont'd). 

175  F  RESERVOIR 


With  Additive  * 


Test 

Test  Condition 

P/H 

Filter 

P/H 

Filter 

Fuel 

P/F 

Code 

P/Time 

Code 

P/Time 

F1332 

400/500 

2 

5.5/300 

2 

0/300 

425/525 

4 

1.2/300 

5 

0,1/300 

FI  346 

375/475 

l 

25/289 

2 

0. 1/300 

400/500 

3 

25/187 

4 

0/30(1 

425/525 

4 

1.9/300 

4 

0/300 

FI  371 

375/475 

_ 

3 

0. 3/300 

400/500 

2 

25/244 

3 

0/300 

425/525 

4 

25/214 

3 

0/300 

FI  335 

350/450 

_ 

l 

0/300 

375/475 

- 

- 

3 

0/300 

400/500 

2 

0/300 

3 

0/300 

425/525 

3 

0.2/300 

4 

0/300 

450/550 

3 

0/300 

- 

- 

475/575 

3 

0/300 

- 

- 

F 1  382 

375/475 

2 

0/300 

400/500 

- 

- 

3 

0/300 

425/525 

- 

- 

3 

0/300 

450/550 

2 

0. 2/300 

3 

0/300 

475/575 

3 

0.  1/300 

4 

0. 3/300 

*  50  Ib/MB  DuPont  JFA5 
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ITEM  13  -  LUBRICANTS 


OBJECTIVE 

^ F 

The  goal  of  this  program  is  to  obtain  the  most 
favorable  compromise  between  engine  design 
parameters,  environments,  and  lubricant  capa¬ 
bility  to  satisfy  the  requirements  for  safe,  economical 
operation  of  a  supersonic  transport  powerplant. 

A.  INTRODUCTION 

Because  metal  fatigue  is  a  critical  problem  in  extended  engine  operation 
and  there  are  indications  that  lubricant  composition  and  temperature  levels 
have  significant  effect  on  the  rolling  contact  fatigue  life  of  steels,  it  is 
necessary  to  determine  and  evaluate  the  effect  of  selected  lubricants  on 
the  rolling  contact  fatigue  life  of  gear  materials  at  temperature  levels 
expected  to  be  encountered  in  supersonic  aircraft  engines. 

In  order  to  assure  that  the  most  recent  lubricant  requirements  are  being 
disseminated  to  potential  lubricant  suppliers,  analytical  studies  to  deter¬ 
mine  the  environmental  conditions  which  will  be  imposed  on  the  lubricant 
were  made  in  conjunction  with  continuing  design  studies  using  the  latest 
fuel  delivery  temperature  information  furnished  by  the  airframe  contractor. 


B.  LUBRICANT  ENVIRONMENT 


Because  the  predominant  factor  governing  many  temperatures  throughout 
the  oil  system  is  the  temperature  of  the  fuel  delivered  to  the  engine  fuel 
system,  the  current  predicted  temperature  data  and  environmental  condi¬ 
tions  are  based  upon  the  temperature  of  the  fuel  delivered  from  the  airframe 
as  shown  in  Figure  13-3.  As  this  figure  indicates,  the  fuel  temperature 
rises  sharply  to  a  peak  of  250  °F  during  descent  and  then  rapidly  declines, 
approaching  200°F.  Any  increase  in  the  fuel  temperatures  shown  in 
Figure  12-lwill  result  in  changes  in  the  expected  lubricant  system  temper- 


PAGE  NO.  13-1 


CONFIDENTIAL 


W.AA.CT6  ••  )  Vf*V*»* 


*♦  •*  **»  MM  Vi 


t  il 


‘(*HATT  &  WHJTNStV  AIRCRAFT 


confidential 


PWA-2AQT' 


aturp  pattern;  large  temperature  increases  couid  conceivably  require  a 

^rtmrP""‘M  fl'Peri0r  tC  <•“»•  ^lusted  in  this  contact 
returned  to  thf  !'Tt  s"K>,em0‘,t!l!  coolin6  utilizing  unscheduled  fuel  >1o* 
'e«ls  !n  V! \  V  “  r"c“s^V  to  prevent  excessive  temperature 

.  res  mates  '  ""  “»■«“<»>*  —t  be  considered 


During  dns  contract  period,  additional  studies  were  conducted  of  the 
lubricant  environment.  These  environmental  conditions  are  outlined 


below 


!.  TEMPERATURE 


Lubricant  temperatures  during  a  typical  flight  spectrum  are  shown  in 
Figure  M-2.  in  addition,  bearing  temperatures  are  expected  to  reach 
'  maximum  steady  st-.U-  level  of  400 *F  at  the  end  of  the  cruise,  and 
may  possibly  approach  5G0*F  during  the  descent  portion  of  the  flight. 
Local  compartment  wall  hot  spots  are  not  expected  to  exceed  600*F. 


Z.  OIL  TANK  CAPACITY 


6  gallons  nominal  <<il 


4  gallons  usable  51 


3.  AIR  CONTACTING  OIL 


flow  -  0.06  lbs/ sec /seal ;  0.4  ib/sec/ssai  with  seal  faihn 


Temperature  -  &30°F  max.  at  Mach  3.0 


4.  BEARINGS 


a.  Materials 


Races,  rollers,  bails  -  PWA  724  GVM  or  AMS  64<R 


Cages  -  AMS  6415,  silver-plated  per  AMS  2410 
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5.  A 


Types  ■  ... 

Angular  Contact-Split  Inner  Race,  Single  Bearing ,.  ABEC  #-7 

Tolerances;  -  .  .  \ 

’.?0  x  260  x  42  mm  at  6100  rpm  and  200  x  300  x  51  mm  at  8250  rprrL. 

t  " 

?•  «e ’  -  Treioaoed,  2f0  x  300  x  38  mm  at  8250  rpm.  '  ; 

t-LCA'S  IN  LUBRICATING  SYSTEM 


Tan^  -  AMS551C-  5645 


Oil  Filter  -  AMS  5362,  5641.' 

Fuel -Oil  Comer  -  AMS  5362,  55?!,  5646 
Scavenge  rumps  -  AMS  53fc2,  -b40,  PWA  724 
.::p?r.y  A.VIS  5570,  55  71,  564->  *005 

Bearing  Compartments  -  AMS  5062,  5613,  5616,  5688,  6322, 
6323,  7310;  PWA  724 

6.  GEARS 

Hertz  Stress  -  °2,OCO  psi  starting,  71,000  psi  steady-state 
Material  -  PWA  724  heat-treated 


F  ELnS i OMEKS 

None  in  lubricating  system 

S.  LUBRICANT  VISOCITY 


Lubricating  system  does  not  impose  any  restrictions  on  oil 
viscosity . 

*>.  LUBRICANT  VOLATILITY 

Volatility  requirements  of  the  lubricating  system  are  compatible 
with  the  volatility  characteristics  of  MIL-L-23699  lubricants. 
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C.  GEAR  PITTING  TESTS 

Gear  pitting  fatigue  tests  which  were  initiated  during  the  previous  con¬ 
tract  period,  were  continued  through  this  contract  period  using  a 
MIL-L-23699  lubricant  (L-919)  and  AMS  6260  carburized  test  gears. 
These  steady-state  gear  pitting  fatigue  tests  were  conducted  in  Ryder 
Gear  Machines  at  iubricant  temperature  of  250,  300,  325,  350  and 
375°F  and  at  Hertz  stresses  ranging  up  to  260,000  psi;  the  Hertz 
stresses  were  kept  at  high  levels  to  accumulate  a  maximum  of  data  in 
the  shortest  possible  time  interval.  Other  test  parameters  such  as 
test  oil  flow  rate  and  rate  of  stress  application  were  maintained  at 
constant  levels.  Figure  13-3  demonstrates  gear  pitting  fatigue  data 
obtained  during  this  contract  period  as  well  as  during  the  previous 
contract  period;  supplemental  data  from  other  sources  was  also  used 
in  the  preparation  of  the  graph. 

The  equipment  used  to  conduct  the  gear  pitting  fatigue  tests  was  the 
Ryder  Gear  Machine  and  the  Erdco  Universal  Drive  Test  Stand  as 
described  in  Federal  Test  Method  Standard  No.  791a,  Method  6508. 

The  High  Temperature  Erdco  Bearing  Rig  described  in  the  previous 
contract  report  numbered  PWA-2353,  was  used  to  evaluate  the  deposit¬ 
forming  and  degradation  characteristics  of  the  MIL-L-23699  lubricant 

(L-919)  at  conditions  simulating  supersonic  flight.  Lubricant  samples 
were  withdrawn  from  the  oil  tank  at  the  beginning  and  end  of  each  test 
cycle  to  determine  viscosity  and  neutralization  number.  Make-up  oil 
was  added  to  the  tank  when  the  lank  level  was  reduced  to  a  predetermined 
quantity;  a  procedure  resulting  in  a  test  whicn  is  more  severe  than  one 
where  the  make-up  oil  would  be  added  after  each  test  cycle. 


In  addition  to  the  gear  pitting  fatigue  program,  a  MIL-L-23699  lubricant 
(L-919)  was  evaluated  in  the  High  Temperature  Erdco  Bearing  Rig  at 
temperature  profiles  shown  in  Figure  13-2.  The  temperature  profiles 
are  quite  similar  to  those  shown  in  Figure  LX-15  of  report  number 
PWA-2553  from  the  previous  contract  period  but  represent  a  lubricant 
environment  more  severe  than  that  expected  in  the  supersonic  transport 
power  plant.  1 

D.  DISCUSSION 


i  c 


The  selection  of  a  lubricant  for  use  in  the  supersonic  transport  power- 
plant  is  based  primarily  upon  the  lubricant's  ability  to  withstand  the  oxi¬ 
dative  and  thermal  stresses  encountered  in  the  lubricant  system  environ¬ 
ment.  >The  lubricant  must  also  demonstrate  satisfactory  lubrication 
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characteristics  such  as:  effect  on  metal  rolling  contact  fatigue;,-  v ’ 
volatility,  carbon  seal  wea:  rates,,  gear  lpadHcaf.rying;ability>^und:...;;-  y  -. 
corrosive  tendencies  in  oxidizing  atmospheres.  During  the  durf.ent  - 
and  previous  contract  periods,  these  characteristics  were 'eyaluhte^ 
in  tests  covering  a  large  range  of  operational  severities  utilizihg^th^y - 
most  recent  lubrication  system  environmental  parameters.  During; 
this  contract  period,  effort  was  primarily  concentrated  upon  rolling: 
contact  fatigue. 


Due  to  the  nature  of  fatigue  testing,  the  data  is  presented  as  bands  rather 
than  lines.  It  is  quite  evident  that  further  testing  is  necessary  to  posi¬ 
tively  establish  the  slope  of  the  curve  before  extrapolating  to  the  fatigue 
life  to  be  expected  at  lubricant  temperatures  in  the  400-450 ®F  range..  . 

It  is  estimated  that  approximately  1500  hours  of  testing  at  40C  *F  will  be 
necessary  to  establish  a  reliable  projected  fatigue  life  of  gears  at  that 
temperature  level.  ; 

Figure  13-4  is  a  summary  of  the  cyclic  bearing  test  run  with  temperature 
schedules  as  shown  in  Figure  13-2.  Although  this  test  was  more  severe 
than  the  predicted  supersonic  transport  engine-operational  conditions, 
the  data  indicated  that  the  lubricant  will  satisfactorily  withstand  the 
thermal  and  oxidative  stresses  imposed  on  it' by  the  predicted  lubricant 
environment . 


I  c 
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Test  Data  Summary  For  L-919  Lubricant  •'•.  >;C  "  '  '  ; .-  j 

/' ■  _  _  ■  I 

In  The  High  Temperature  E rdco  Bearing  Rig  •  *  •’  :  ; 


Lubricant 


Test  Schedule  Type 
Schedule  Figure  No. 


Test  Duration 


MIL-L-23699  (L-919) 
Cyclic 


23  cycles 


Total  Test  Time 


72 . 15  hours 


Oil  Consumption 


3 V  -3  cc/hr . 


Make-up  oil 


3340  cc 


Consumption 


4^.0  cc/hr. 


Condensate  Collected 


800  cc;  670  cc  oil,  3  30  cc  O 


Viscosity  Increase 


25  centistokes 


Percent  at  100 *F 


100%  approximately 


Neut rahzation  Number 


Before 


After 


Figure  13-4 
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ITEM  14-  ~  INLETS 


OBJECTIVE 


To  conduct  investigations  in  cooperation  with 
each  airframe  contractor  aimed  at  determining 
engine-inlet  compatibility.  Steady  state  perform¬ 
ance  and  flow  distortion  ever  typical  engine- 
aircraft  flight  conditions  as  well  as  transient 
inlet  conditions  were  considered. 


A.  ENGINE -INLET  COMPATIBILITY 


1.  INTRODUCTION 


The  goal  of  thi s  program  was  to  arrive  at  an  inlet- engine  combina- 
t»  >n  which  will  satisfy  all  steady  state  and  transient  performance  re¬ 
quirements  for  the  safe  and  economical  operation  of  a  supersonic  trans¬ 
port.  During  the  Phase  II-A  contract  period  Pratt  &  Whitney  Aircraft 
worked  continu  .iiv  with  both  the  Boeing  Company  and  the  Lockheed 
California  Company  to  ensure  engine-inlet  compatibility  for  the  super¬ 
sonic  transport.  Pratt  &  Whitney  Aircraft,  upon  request,  reviewed  its 
experience  in  solving  engine-inlet  compatibility  problems  in  numerous 
subsonic  and  supersonic  aircraft,  including  the  B-52,  F-100,  F-101, 

F -  102,  F-  105,  F -  106,  andF8U-l. 


Distortion  data  received  from  the  aircraft  companies  were  converted  in¬ 
to  detailed  distortion  contour  maps  and  radial  distortion  plots  for  com¬ 
parison  with  Pratt  &  Whitney  Aircraft  specifications,  and  for  studies  to 
investigate  the  effect  of  these  distortion  levels  on  compressor  operation. 


DISCUSSION 


The  Boeing  Company  Inlet 


Th  -  Rowing  inlet  design  for  the  supersonic  transport  is  an  axisymmetrie, 
pod  mounted,  external-internal  compression  type.  It  utilizes  an  ad¬ 
justable  centerbody  to  vary  contraction  ratio  with  flight  Mach  number, 
which  also  accomplishes  the  required  airflow  variations.  A  constant 
area  throat  and  throat  boundary  layer  bleed  help  to  stabilize  the  normal 
shock  and  mini:  .tze  distortion.  Cowl  bypasses  are  utilized  for  airflow 
matching.  Both  inboard  and  outboard  inlets  are  located  in  the  compres¬ 
sion  fieid  area  of  the  wing.  .  . 
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corrected  airflow  is  a  maximum,  indicated  a  radial  distortion  pattern 
that  is  within  the  distortion  limits  set  by  Pratt  &  Whitney  Aircraft. 
This  was  indicated  for  the  case  when  the  inlet  bypasses  were  opp.n ,  as 
well  as  when  the  bypass  doors  were  closed. 


No  data  at  simulated  aircraft  angles  of  attack  at  subsonic  speed  have 
been  received  but  the  straightening  effect  of  the  wing,  coup5ed 
with  the  favorable  diffuser  passage  shape,  are  expected  to  greatly 
reduce  the  angle  of  attack  effects. 

Minimizing  the  radial  distortion  at  both  wails  during  supersonic  accel¬ 
eration,  and  particularly  at  supersonic  cruise  is  essential. 

The  initial  Mach  2.  5  distortion  data  received  from  Boeing  earlv  in  the 
program  exhibited  radial  distortion  profiles  which  appeared  to  exceed 
those  for  penalty  free  engine  operation.  At  that  time  Boeing's  subsonic 
diffuser  shape  was  not  finalized  and  supporting  struts  not  included, 

Pratt  &  Whitney  Aircraft  and  the  Boeing  Company  discussed  this  problem 
in  considerable  detail  and  the  latter  embarked  on  an  extensive  test  pro¬ 
gram,  varying  diffuser  length  and  shape,  incorporating  vortex  genera¬ 
tors,  and  testing  various  strut  arrangements.  The  results  of.  these  test* 
were  extremely  encouraging.  Vortex  generators  at  the  ID  wail  induced 
considerable  mixing  and  reduced  local  ID  gradients  as  shown  in  Figure 
14-1.  These  tests  indicate  that  inlet  radial  distortion  can  be  appre¬ 
ciably  reduced  through  mechanical  and  aerodynamic  tailoring. 


The  size,  shape,  number,  and  axial  location  of  the  inlet  struts  affect 
compressor  operation  because  generated  wakes  may  excite  a  particular 
blade  natural  frequency.  In  addition,  if  the  wakes  generate  large  local 
depressions,  compressor  stall  margin  may  be  affected.  For  this  rea¬ 
son  a  detailed  discussion  was  held  with  Boeing  concerning  the  various 
trade  factors  in\  ved  and  Boeing  tested  a  number  of  strut  configurations. 
The  results  of  these  tests  indicated  that  although  the  distribution  of  total 
pressure  is  changed  somewhat  by  the  struts  the  overall  distortion  level 
is  about  the  same. 

1  he  landing  gear  on  the  Boeing  supersonic  transport  airplane  is  so  located 
that  its  traverse  from  a  fully  retracted  to  a  fully  extended  position 
allows  it  to  pass  in  front  of  the  inlet.  The  Boeing  Company  conducted 
a  series  of  tests  with  a  simulated  landing  gear  in  the  varioue  positions 
it  would  assume  in  its  travel  in  front  of  the  inlet  at  speeds  of  100,  125, 
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and  150  knots.  When  compared  with  results  for  the  gear  stowed,  the 
distortion  remained  essentially  unchanged,  thus  indicating  no  significant 
effect  due  to  the  landing  gear. 


fa.  The  Lockheed  California  Company  Inlet 


The  Lockheed  Inlet  for  the  supersonic  transport  is  a  self-starting  two 
dimensional  pod-mounted  configuration  incorporating  both  external  and 
internal  compression.  A  double  vertical  compression  ramp  bisects  the 
inlet  through  to  the  compressor  face.  Throat  boundary  layer  bleed  and 
a  constant  area  throat  are  used  to  help  stabilize  the  normal  shock  and 
reduce  distortion.  The  double  ramps  collapse  as  flight  Mach  number  is 
reduced  so  that  at  transonic  and  subsonic  speeds  a  continuous^  gently 
diverging  passage  is  formed.  Transition  f*  rectangular  to  a  bifur¬ 
cated  annulus  shape  is  accomplished  appro  ely  one  engine  diameter 
upstream  of  the  engine  inlet. 


All  four  inlet  pods  are  located  in  the  shock  field  of  the  wing 
at  supersonic  speeds  the  approach  angles  of  attack  or  yaw  to  the  inlet 
are  very  small,  thus  essentially  eliminating  the  large  circumferential 
distortion  effects  normally  caused  by  large  angles  of  attack.  At  sub¬ 
sonic  speeds  and  straightening  effect  of  the  wing  will  act  to  reduce  angle 
of  attack  effects - 


All  two  dimensional  inlets  exhibit  some  degree  of  circumferential  dis¬ 
tortion,  even  with  no  angle  of  attack.  However,  careful  design  can  keep 
this  to  a  minimum.  The  distortion  data  received  from  Lockheed 
at  the  Mach  3.0  cruise  condition  indicated  that  reasonable  levels 
of  circumferential  and  radial  distortion  existed.  The  collapsed 
ramps  at  subsonic  and  transonic  flight  speeds  should  appreciably  re¬ 
duce  the  effects  of  diffuser  turning  encountered  in  many  supersonic  in¬ 
let  designs. 

c.  General 


The  work  conducted  by  Pratt  &  Whitney  Aircraft  in  cooperation  with 
the  Boeing  Company  and  the  Lockheed  California  Company  on  inlet- 
engine  control  response  to  airflow  transients  resulting  from  duct  bur¬ 
ner  light  off  or  gas  generator  transients  is  reported  in  the  inlet  con¬ 
trol  section.  Item  10  of  this  report. 
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3.  CONCLUSIONS 

It  is  not  possible  to  predict  with  absolute  certainty  the  tolerance  . of  an 
engine  to  inlet  distortion,  or  even  the  final  inlet  distortion  itself  until 
the  two  are  tested  together.  The  Pratt  &  Whitney  Aircraft  specifica¬ 
tion  for  inlet  distortion  was  revised  to  reflect  an  increased  overall  allow¬ 
able  inlet  distortion.  Allowable  distortion  within  the  overall  tolerance 
is  subject  to  future  negotiation  based  on  actual  engine/inlet  experience. 

The  Boeing  inlet  proposed  for  the  supersonic  transport,  as  understood 
by  Pratt  &  Whitney  Aircraft  at  this  time,  meets  the  overall  distortion 
requirements  at  the  critical  flight  conditions  set  forth  by  Pratt  &  Whit¬ 
ney  Aircraft. 


The  Lockheed  California  Company  also  has  a  sound  approach  and  is 
currently  engaged  in  an  extensive  wind  tunnel  program.  The  inlet  has 
a  favorable  location  on  the  aircraft,  sufficient  length,  boundary  layer 
bleed,  and  favorable  diffuser  contours  that  should  yield  acceptable  dis¬ 
tortion  profiles  throughout  the  range  of  operation. 


The  experience  of  both  airframe  manufacturers  and  Pratt  &  Whitney 
Aircraft  in  mutually  solving  engine-inlet  compatibility  problems,  coupled 
with  the  sound  inlet  design  approaches  taken  by  both  companies  assures 
a  compatible  system  for  the  Supersonic  Transport.  The  levels  of  dis¬ 
tortion  demonstrated  by  the  airframe  companies  to  date  are  very  close 
to  the  levels  specified  by  Pratt  b  Whitney  Aircraft  for  this  early  time 
phase  in  the  program.  As  in  any  normal  development  program,  pro¬ 
blems  will  be  solved  as  they  arise  through  mutual  cooperation.  Every 
effort  will  be  made  to  make  the  engine  as  distortion  tolerant  as  possible 
while  the  airframe  companies  wih  continue  to  reduce  inlet  flow  dis¬ 
tortion  Both  inlet  and  engine  may  require  additional  tailoring  when 
they  are  tested  together. 
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ITEM  15  -  MATERIALS  AND  MANUFACTURING  TECHNIQUES 

OBJECTIVE 

The  over -all  goal  of  the  various  programs  which 
were  undertaken  under  Item  15  of  the  Contract 
Work  Statement  was  the  development  of  such  in¬ 
formation  about  materials  and  coatings  as  would 
enable  selection  of  those  with  optimum  charac¬ 
teristics  for  use  in  the  design  of  a  satisfactory 
SST  power  plant. 


A.  INTRODUCTION 


The  progress  made  on  programs  under  Item  15  of  the  Contract  Work 
Statement  is  presented  herein  under  two  main  category  headings:  Com¬ 
pressor  Materials  and  Turbine  Materials.  Under  the  first,  the  charac¬ 
teristics  of  various  potential  compressor -disk  materials,  as  determined 
by  such  methods  as  combined  stress -fatigue  testing,  rotating -beam  fatigue 
testing,  low-cycle-fatigue  testing,  and  cyclic -tension  testing,  are  dis¬ 
cussed  as  the  initial  topic.  These  characteristics  include  long-time  creep 
and  fatigue  at  realistic  temperatures,  and  notch  sensitivity  factor.  As  a 
second  topic  under  Compressor  Materials,  the  results  of  testing  con¬ 
ducted  to  determine  the  susceptibility  to  salt  corrosion  of  several 
potential  blade  materials  are  reportei.  A  third  topic  deals  with 
testing  to  determine  the  containment  characteristics  of  candidate 
materials  for  compressor  blading. 


Under  the  second  main  category  heading.  Turbine  Materials,  are  dis¬ 
cussed  the  results  of  long-time  creep  testing  ofpotential  turbine -com¬ 
ponent  materials.  This  program  has  been  formulated  for  the  con¬ 
duct  of  fundamental  thermal-fatigue  studies  of  such  materials,  long¬ 
time  erosion-bar  testing  of  base -metal  coating  systems,  and  the  results 
of  electron  metallographic  and  X-ray  studies. 

B.  COMPRESSOR  MATERIALS 
lt  DISK  MATERIAL  EVALUATIONS  ' 


c 


Initial  creep  and  mechanical-property  evaluation  testing  was  conducted 
using  specimens  of  IMI  679  titanium  alloy.  The  specimens  were, 
machined  from  a  disk  which  had  been  forged  from  that  alloy. 
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Parts  of  this  disk  had  been  furnished  to  Wyman-Gordon  and  Titanium 
Metals  for  their  test  evaluations.  A  disk  section  was  heat-treated  at 
l6ii0°F  for  one  hour  and  air  cooled.  It  was  then  reheated  to  925°F, 
held  there  for  twenty- four  hours,  and  air-cooled.  This  procedure  had 
been  followed  for  the  disk  sections  furnished  to  Wyman-Gordonand 
Titanium  Metals.  v 

The  creep  specimens  were  machined  tangentially  from  the  disk  rim  and 
were  tested  at  temperatures  and  stresses  designed  to  produce  0.  1  per 
cent  creep  in  1000  hours  and  also  in  3000  hours.  A11  of  the  specimens 
tested  by  this  Contractor  were  found  to  creep  rapidly.  They  attained 
0.  1  per  cent  creep  in  approximately  ten  per  cent  of  the  estimated  time. 
Post-test  examination  of  the  specimens  revealed  their  microstructures 
to  be  similar  to  that  of  the  original  as -forged  disk  material,  rather  than 
that  of  properly  heat-treated  material  from  the  same  forging.  The 
principal  difference  between  the  mic restructures  was  the  lesser  amount 
of  primary  alpha  structure  m  the  properly  heat-treated  specimens- 
It  was  suspected  that  tne  material  from  which  the  Contractor-tested 
specimens  had  been  fabricated  had  failed  to  reach  the  specified  1650°F 
solution  temperature  in  the  heat-treatment  process.  Further  labora¬ 
tory  investigations  are  continuing. 

The  creep  data  obtained  by  Wyman  -Gordon  and  Titanium  Metals  on 
IMI  679  compressor-disk  forging  sections  were  not  sufficient  to  enable 
a  quantitative  analysis  to  be  made.  However,  those  data  did  indicate 
that  IMI  679  material  was  comparable  to  PWA  1203  material  in  creep 
strength  and  superior  to  the  latter  material  in  yield  strength. 

In  addition  to  the  work  on  IMI  679  titanium -alloy  material  which  has 
been  mentioned,  tests  were  conducted  on  PWA  1007  nickel-bo' se -alloy 
material.  Specimens  cf  two  heats  of  the  latter  material  were  tested 
for  creep,  stress-rupture,  and  tensile  properties.  The  results  obtained 
are  presented  m  Figures  15-1  through  15-3.  At  temperatures  above 
1200°F,  it  was  found  that  PWA  1007  materia!  showed  greater  creep 
strength  than  had  been  found  for  PWA  1003  and  PWA  1010  materials, 
as  reference  to  Figures  15-4  tluough  15-6  indicates. 

In  a  second  phase  of  the  work  statement  which  is  related  to  com¬ 
pressor-disk  materials,  fatigue  properties  of  PWA  1007  disk¬ 
forging  material  (Heat  Code  No.  XFIR)  were  investigated  in 
a  number  of  ways.  The  disk  which  was  involved  in  this  series 
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of  test  programs  differed  in  mlcrostrncture  from  previously  evaluated 
disks  of  PWA  1007  material,  primarily  in  that  its  grain  size  was  more 
uniform  (although  not  optimum).  Combined  stress-fatigue  properties 
of  specimens  from  Heat  Code  No.  XFIR  were  determined  at  10G0°F  and 
for  steady-stress  values  of  25,  47.  5,  and  85  ksi.  A  notch-sensitivity 
factor  (K^)  of  1.5  was  used  and  the  cyclic  range  covered  was  extended 
from  10*  through  10^.  The  test  results  are  tabulated-in  Figure  15-7. 

The  combined-stress  fatigue  strengths  of  the  specimens,  at  the  different 
steady-stress  levels,  were  found  to  be  generally  higher  than  those  ob¬ 
tained  from  prior  testing  of  PWA  1007  material  of  other  heats.  These 
strengths  were  nearly  as  high  as  those  which  had  been  obtained  for 
PWA  1010  (Inco  718)  material.  The  greater  fatigue  strength  which  had 
been  found  for  the  latter  material  was  attributed  to  its  lower  solution- 
heat-treat  temperature,  which  produces  a  finer  grain  size,  and  to  its 
higher  yield  strength  at  1COO°F,  at  which  temperature  both  of  the  mat¬ 
erials  are  yield-limited.  Data  points  which  were  obtained  from  the 
testing  of  PWA  1007  and  PWA  ICiO  material  appear  in  Figures  15-8 
through  15-10. 
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In  a  third  phase  of  the  program  to  evaluate  compressor  disk  materials, 
rotating -beam  fatigue  tests  were  conducted  at  1000°F  on  smooth  and  on 
notched  specimens  of  PWA  1007  material.  Notch-factor  values  of  1.  5 
and  3.0  were  used  and  the  cyclic  range  from  10*  through  10'  was  explored. 
The  results  appear  in  Figure  15-11.  The  data  are  presented  in  plotted 
form  in  Figures  15-12  through  15-14.  Smooth  specimens  showed  slightly 
higher  fatigue  strength  than  those  from  other  PWA  1007  disks,  which 
had  been  previously  evaluated.  The  data  for  notched  fatigue  strength, 
although  showing  considerable  scatter,  appeared  to  be  comparabb  io 
that  of  oreviously  obtained  data  on  other  specimens. 

In  another  phase  of  the  program,  low-cycle  fatigue  tests  were  conducted 
on  specimens  of  PWA  1007  material  in  the  cyclic  range  from  10''  to 
1G"1  and  for  notch  factors  of  2.0  and  3.0.  Results  are  indicated  in 
tabular  form  in  Figure  15-15.  Sinoot.t  specimens  demonstrated  sub¬ 
stantially  greater  fatigue  strength  values  titan  those  used  in  present 
design  practice  (see  Figure  55-16).  As  can  be  seen  by  reference  to 
Figure  15-17,  notch- specimen  life  approached  design  value  S.'S  s  the 
notch  factor  increased.  Improved  smooth-bar  life,  accompanied  by 
virtually  unaffected  notched-b^r  life,  was  considered  to  be  the  result 
of  improved  grain-size  control. 
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C/clic -tension  fatigue  testing  was  conducted  on  the  PWA  1007  specimens, 
using  a  notch  factor  of  2.3,  a  cyclic  range  to  10^,  and  temperature 
values  of  1200°F  and  1350°F.  Results  are  shown  in  Figure  15- 18  (tabu¬ 
lated)  and  in  Figures  15-19  ana  15-20  (plotted).  It  was  found  that  at  1350°F, 
rim -tangential  and  web-radial  specimens  had  similar  ultimate  tensile 
strengths,  but  that  the  latter  were  slightly  lower  than  those  indicated  by 
the  a  ’crage  of  da‘a  obtained  from  earlier  testing  of  other  specimens  of 
the  same  material.  The  stresses  which  were  required  in  order  to  pro¬ 
duce  fatigue  failure  cf  a  specimen  closely  approximated  those  obtained 
from  previous  testinc  of  other  PWA  1007  specimens.  They  exceeded 
those  based  on  typical  PWA  1010  and  PWA  1003  data.  At  a  temperature 
of  i200°F,  radial  specimens  from  the  d.sk  web  showed  low-cycle,  tensile- 
fatigue  properties  which  vare  nearly  identical  to  those  revealed  by  data 
from  prior  testing. 
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Finally,  with  reference  to  other  investigations  involving  compiessor 
disks,  long -time -creep  properties  were,  and  currently  are  still  being, 
studied,  using  specimens  of  several  potential  materials,  including 
PWA  1007  l Inco  901)  and  PWA  1010  (Inco  718),  nickel -base  alloys,  and 
AMS  -’928,  PWA  1202,  and  PWA  1203,  titanium  alloys.  The  heat -treat¬ 
ments  and  the  compositions  of  these  materials  are  tobulated  in  Figure 
15-21,  All  materials  used  in  this  program  phase  conformed  to  their 
respective  -pecificatior?  requirements,  •'xcept  for  PWA  1010,  wnich  had 
a  slightly  la;;  columbium  content. 

Figures  lo-22  through  m-26  are  plots  of  the  actual  data  obtained  from 
the  test  program,  and  also  the  estimated  data.  All  the  data  shown  are, 
of  course,  preliminary  in  nature  and  are  subject  to  revision  as  test 
work  proceeds.  The  temperatures  at  which  the  testing  was  conducted 
were  selected  so  as  to  include  the  range  wdoiein  the  materials  were 
creep-limited,  but  not  to  exceed  the  useful  range  of  each  alloy. 

Figures  15-27  through  15-28  present  the  estimated  stress  for  0.  1  per 
cent  creep  in  1000,  3000,  and  5000  hours  for  the  materials  under  study. 
The  estimates  were  based  on  testing  which  was  in  process  when  this 
report  material  was  prepared.  As  of  that  time,  no  instabilities  of  the 
materials  had  been  indicated  by  those  tests  which  had  been  completed. 
Review  of  the  creep  data  revealed  that,  for  a  0.  1  per  cent  creep  in 
5000  hours,  PWA  1  010  material  na s  stress  capability  essentially  equal  to 
PWA  1GQ3  material  at  temperatures  of  1 150°F  and  12U0°F.  and  that  PWA  1007 
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material  was  superior  to  PWA  1003  material  at  temperatures  exceeding 
i20QaF»  The  titanium  alloys  showed  even  wider  separation  than  the 
nickel-based  alloys.  At  850 °F,  the  only  common  temperature  used, 

PWA  1203  material  was  superior  to  PWA  1202  material  and  was  vastly  V 
superior  to  AMS  4928  material.  At  950°F,  the  creep  properties  of  PWA 
1202  and  PWA  1203  appeared  to  be  similar. 

The  tensile  properties  of  the  several  compressor-disk  materials  are 
showi  in  Figures  15-29  through  15-33.  The  current  test  program  calls 
far  tensile  testing  of  specimens  at  the  same  temperatures  as  those  at 
which  the  creep  testing  is  being  conducted. 

2.  DIS1.  AND  BLADE  MATERIAL  EVALUATIONS  -  SALT  CORROSION 

The  Contractor's  pre-Gontract  experience  had  been  that  the  stress- 
corrosion  testing  of  PWA  1202  and  AMS  4928  titanium -alloy,  salt -coated 
specimens  under  static  conditions  revealed  both  alloys  to  be  subject  to 
stress -corrosion  cracking,  particularly  PWA  1202  material.  In  work 
under  this  contract,  it  was  desired  to  determine  possible  differences 
between  the  materials  when  the  letter  were  tested  under  dynamic  moving- 
air  conditions.  The  dynamic  conditions  would  more  closely  simulate 
actual  engine  conditions.  A  dynamic  test  rig  which  would  expose  mate¬ 
rial  specimens  to  a  moving  airstream  with  ingested  salt  water  was 
therefore  constructed.  This  rig,  the  fabrication  and  set-up  of  which 
consumed  the  major  portion  of  the  Contract  period,  consists  of  a  four- 
station,  rotating -specimen  holder  which  can  accommodate  either  smooth 
specimens  or  simulated-blade -root  specimens.  The  specimens  are 
torqued  to  the  desired  stress  levels  between  cantilever  plates  fabricated 
from  AMS  4928  titanium  alloy.  They  are  then  subjected  to  an  airstream 
into  which  salt  spray  is  continuously  injected.  The  airstream  tempera¬ 
ture  can  be  controlled  with  ±  20°F  of  a  desired  level. 


In  initial  testing  using  the  rig  described  in  the  previous  paragraph,  a 
set  of  four  simulated-blade-root  specimens  and  a  set  o:  four  modified 
creep  specimens,  both  machined  from  1.25-inch-diameter  barstock  in 
accordance  with  the  data  given  in  Figure  15-34,  were  subjected  to  a 
stream  of  air  and  salt  spray  (continuous)  for  one  hundred  hours,  with 
the  airst-eam  being  at  a  temperature  of  7009F  and  the  levels  of  stress 
in  the  specimens  at  30,000  and  40,000  psi.  At  the  conclusion  of  the 
100-hour  run,  the  specimens  were  exammed.  It  was  found  that  salt  had 
collected  heaviiy  -  to  a  maximum  ol  three-eighths  inch  -  on  the  surfaces. 
The  salt  could  be  removed  by  a  hot -water  rinse,  it  is  possible  that  the 
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build-up  of  salt  at  the  gage  sections  of  the  specimens  served  to  retard 
failure.  Tests  have  been  scheduled  during  which  salt  spray  is  to  be  in¬ 
jected  into  the  airstream  impinging  on  the  specimens,  for  one-half  hour 
every  ten-hour  period  until  one-hundred  hours  ha-'e  been  accumulated. 
This  may  more  closely  approximate  realistic  moving -air  conditions. 

Post-i<_st  analysis  was  conducted  on  the  smooth-bar  modified  creep 
specimens.  Although  the  torquing  stresses  in  the  specimens  had  ini* 
tially  been  set  at  30,000  and  40,000  psi,  as  previously'  stated,  some 
relaxation  in  the  stresses  in  the  specimens  made  nom  AMS  4928  ma¬ 
terial  was  noted,  the  post-test  values  being  23,500  and  31,500  psi.  There 
was  no  measurable  relaxatic  n  of  the  stresses  in  the  specimens  made 
from  PWA  1202  material.  Tensile  tests  revealed  stress -corrosion 
cracks  in  the  gage  sections  of  the  PWA  1202  specimens;  no  such  cracks 
were  observed  in  the  AMS  4928  specimens,  although  the  rig -testing 
stress  and  temperature  conditions  should  have  been  severe  enough  to 
cause  such  cracking  in  still  air.  Figure  15-35  compares  the  stresses 
required  ;n  order  to  produce  stress -corrosion  .  racking  and  0.  1  per 
cent  creep  for  P'VA  1202  and  AMS  4928  materials.  - 

Ir>  the  case  of  PWA  1202  material,  the  stress  necessary  to  produce 
stress -corrosion  cracking  is  much  less  than  that  required  for  producing 
0.  1  per  cent  creep,  thus,  stress-corrosion  cracking  is  the  limiting  de¬ 
sign  parameter  for  this  material.  As  stated,  PWA  1202  specimens  did 
not  creep  under  the  test  conditions  and  therefore  did  not  relax  to  a  lower 
&t-ess,  Figure  15-  Vo  lists  the  post-exposure  tensile-test  results  for  each 
specimen.  The  reduced  tensile  ductility  found  for  PWA  1202  specimens 
was  attributed  to  the  presence  of  stress -cor  rosion  cracks. 

3.  CASE  MATERIAL  EVALUATIONS  -  CONTAINMENT 

One  of  the  conclusions  reached  by  the  Contractor  at  a  result  of  its  spin- 
pit  test  programs  dealing  with  engine  components  is  that  different  construe 
tion  materials  have  different  capabilities  for  absorbing  the  kinetic  energy 
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of  high-velocity  objects,  sue  ^  as  failed  compres sq;r  blades  dftig^t^agi  .0. 
the  compressor  case.  The  program  undp-rthis  contract  vvith  respecfejS’ ?' 
to  this  subject  matter,  liad  as  its  object iyevfije  serening  of _eXevett;c%m;;;;>'. 
pressor-case  materials  as  to  their  respoefiveabilitie »  -to.aviths^fcd^nx-x  7 
pact  damage  when  at  compressor  -ope  r& ting  to  rape  r  a  cure  s :  The  effe^iasi  n? 
of  hardness  and  thickness  of  some  of  the  m>teFx«is  on  irpipact-damtige  d m 
extent  were  also  to  be  investigated.  The 'init-ufcL  phase  i>f  the  program./^  ,r._- 
was  to  consist  of  ballistic  tests.  When  these  were  com piefsd,  Ttwa -iY-yz 
planned  to  subject  two  of  the  more  promising  materials- 1<?  spin-pi.t.ie-PtTngj 
so  that  their  containment  characteristics  finder  conditions  m orp'clo sdly 
simulating  those  of  engine  operation  might  be  evaluated.  \T 


.  =  */=--  :v« 

*/■ 

..V-p' 

■kfV' 


The  ballistic  testing  consisted  of  firing  bullets  at  increasing  velocities  ~  ' 
at  one -foot-square  test  panels  of  the  materials  being  evaluated  urrtil^a 
veiocity  designated  as  the  "containment  velocity1*  was  reached-;-  ''.Con¬ 
tainment  velocity"  is  defined  as  the  velocity  at  which  a  bullet  fired  at  a.~- 
plate  just  pene*  rates  the  latter,  penetration  must  be  with  so  little  -'- 
residual  energy  that  the  bullet  fads  to  penetrate  a.  thin arum  fou  m  indica¬ 
tor  panel  behind  the  test  plate. 


The  muzzle  velocity,  as  measured  bv  an  electric  chronometer,  is  used 
in  deriving  the  kinetic  energy  of  the  bullet.  The  latter,  when  divided  by 
the  weight  of  the  test  panel,  yields  a  number  known  as  the  "containment 
factor". 

The  spin -pit  containment  testing  consisted  of  inducing  a  compressor- 
blade  failur«-  by  notching  the  root  of  the  blade  and  increasing  the  rota¬ 
tion  1  speed  ot  the  disk  until  blade  failure  occurred.  Failures  were 
induced  at  increasing  disk  rotational  velocities  until  a  blade  fragment 
barely  penetrated  a  ring  vhich  encircled  the  blades  in  the  manner  of  a 
compressor  case.  As  In  the  ballistic  testing,  the  containment  factor  is 
described  as  the  kinetic  energy  of  the  blade  divided  by  the  weight  of  the 
rjng,  the  litter  heme  fabric  tied  irvm  the  material  undergoing  test 
eva  1  r.al  ion. 

It  should  be  pointed  out  that,  because  the  weight  of  an  engine's  protective 
structure  is  a  crucial  factor  in  its  selection,  it  was  taken  into  account 
in  evaluating  the  results  obtained  from  the  ballistic  and  spin-pit  tests. 

The  results  of  the  ballistic  testing  conducte  i  at  room  temperature,  at 
500  F,  and  at  •r>00r’F  are  tabaiaied  i».  Figure  15-37  The  materials  for 
which  jesults  are  presented  are  lisle  i  in  the  order  of  descending  con¬ 
tainment  factors  as  determined  by  the  room  temperature  test  program. 
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Testing  of  two  thicknesses  cf  the  same  material  demonstrated  that,  with 
one  exception,  the  containment  factors  obtained  were  within  12  per  cent 
of  each  other.  The  exception  was  PW  A- 1030  material  for  which  the 
containment  factor  for  0.  116-inch  thick  material  was  more  than  20  per 
cent  lower  than  that  for  0.  070-inch  thick  material.  For  PWA- 1030 
material,  therefore,  the  results  are  tabulated  separately,  whereas,  for 
the  ot^r  materials,  the  average  of  the  two  values  is  tabulated. 
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An  analysis  was  conducted  to  determine  the  effect  of  temperature  on  the 
containment  lactor.  The  results  indicated  that  the  containment  factor 
decreases  with  increasing  temperature  for  all  materials,  although  the 
rate  of  decrease  is  lower  for  titanium  alloys  and  age  hardenable  AMS 
5542  and  PWA  1030  alloys  than  for  the  other  materials  tested.  The 
martensitic  stainless  steels  (AMS  5504  and  AMS  5508)  in  the  hardened 
condition  exhibited  good  containment  factors  at  room  temperature,  but 
the  factors  dropped  by  2i  per  cent  between  room  temperature  and 
800°F.  For  the  austenitic  stainless  steels  (AMS  5515  and  AMS  5524) 
the  decrease  was  as  high  as  40  per  cent.  Hence,  although  the  martensi¬ 
tic  alloys  look  much  better  than  the  age  hardenable  corrosion-resistant 
materials  at  room  temperature,  their  superiority  vanishes  at  800 °F 
where  the  containment  factors  of  the  martensitic  alloys  drops  off  but 
that  of  the  age  hardenable  materials  remains  high. 

The  efiect  of  hardness  on  the  co  tainment  lactor  was  investigated  by 
ballistic  testing  with  two  martensitic  stainless  steels  and  two  age  hard- 
enable  alloys  in  a  hard  condition  (Re  38  to  45)  and  in  a  soft  condition 
(Rc  20  to  28).  The  hardened  martensitic  specimens  had  the  highest  con¬ 
tainment  factor  of  the  materials  tested.  However,  the  softer  specimens 
of  the  age  hardenable  materials  demonstrated  higher  containment  factors 
than  hardened  specimens  of  the  same  materials. 

The  ballistic  test  program  wa«  conducted  to  inexpensively  screen  can¬ 
didate  containment  materials  in  preparation  for  spin  testing  the  more 
promising  materials.  Examination  of  the  room-temperature  test  re¬ 
sults  indicates  that  PWA  1202  (Ti-8A1  -  I  Mo-IV)  is  by  far  the  best  mater¬ 
ial  tested.  Alternate  materials  are  AMS  5504,.  PWA  1030.  AMS  5508, 
and  AMS  4910  in  that  order. 
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Because  of  the  short  duration  ol  the  contract,  spin  testing  was  commenced 
with  tne  more  promising  materials  before  the  ballistic  program  was 
completed.  Spin  tests  were  conducted  on  AMS  5504,  AMS  4910,  and 
PWA  1202.  The  weights  of  cases  made  of  these  materials  relative  to 
a  case  made  of  AMS  5524  are  shown  below. 
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Material 

AMS  4910 
PWA  1202 
AMS  5504 
AMS  5524 


Relative 

Weight 

0.  70 
0.77 
0.95 
1. 00 


Additional  testing  conducted  with  higher  blade-failure  velocities  would 
be  required  to  realize  the  full  potential  of  PWA  1202  material  indicated 
by  the  ballistic  tests-  It  has  not  been  determined  ^Shy  ballistic  testing 
indicated  that  AMS  5504  material  was  superior  to  AMS  4910,  whereas 
spin  testing  indicated  the  reverse  Further  testing  ancl  consideration 
of  the  manner  in  which  the  specimen  weights  are  factored  into  the  re¬ 
sults  may  resolve  this  inconsistency. 


C.  TURBINE  MATERIALS 
1.  LONG-TIME  CREEP  TESTING 


Testing  of  PWA  658  and  PWA  659  cast,  nickel -base  alloys  in  a  tempera¬ 
ture  range  from  1500°F  to  2000 °F  had  reached  the  status  shown  in  the 
tabulation  in  Figure  15-38.  The  specification-required  and  the  actual 
chemical  compositions  of  the  creep  specimens  used  in  the  program  are 
listed  in  Figure  15-39.  All  specimens,  except  that  of  PWA  658  material 
which  was  tested  at  )5CC°F,  were  tested  in  the  coated  conditions  using 
a  diffused  aluminum-base  coating  (PVvA  47).  The  PWA  658  material, 
however,  was  exposed  to  the  temperatures  produced  during  the  coating 
procedure,  but  was  not  coated. 

The  times  to  creep  one  per  cent,  shown  in  Figure  15-40,  were,  with 
six  exceptions,  estimated.  From  the  results  obtained,  it  appeared 
that  PWA  659  material  had  greater  creep  resistance  than  PWA  658  ma¬ 
terial  in  the  temperature  range  shown  in  the  Figure.  PWA  659  ma¬ 
terial,  when  its  creep  properties  were  compared  to  those  of  other 
nickel -ba-e  alloys  in  the  heat-treated  condition  as  determined  by 
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the  Contractors  was  found5 to  hayethd  greatest  cr;eep.;Stre»}gth,-,basedrop'  .  s 
strSsrs  for  one- per  jce nt  creep  rft  .100.0  hours,  or  >.n  5000  hours -in  a;  tpjn^. 
pdrature  radge  from  1500°F  to  2000  °Fr  ThChea^^treatinehts  apd-densities? 
of  IhCnichel-hase  alloys  investigated  iji  the  creep,  studies  appear  in  -< 

Figure  “and  the  plb.tted  results  used  in>the  comparison  aj:.g;  shown 

in  Figures  15*3?  and  15*43.  The  following  is  a  list  of tested:  materials  fnt 
deScendingpfdeg  of;  crbepstbcngih:  P-WA  65.9,  .PWA663,  4^V£A:65§/}- 
PVY&-f> 89;  and  PVVA  6?5.  PW A  689;  mateHal  exhibited-rgreate^  preep  :.  ;\  , 

strength; than  did "PWA  655  mate  rial  fh  the  tomperature  r-unge  f-rpna  -  .v 
1 5G^F:to.l?000F,Vbvit  the  reverse  was.  true  at  J8  06  °^Fi  h  --'4.  -  .-  -  . 
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2«  PROGRAMS  I ‘OR^FUNDAMENTAl.  THERMAE -FATIGUE  STUDIES;  -  : 

Emphasis  in  this  prog ram_  was  placed  on.  ih^  design  and  cpnstr actio rr-of  7 
a  st r aid -cycling  rig*.  The  design  features  and  manner  of  operation  _ef  '.v 
the  rig  will  be  discussed  briefly.-'’  ?  -  -  ^  ^  Z’d  .  : 

The  strain-cycling  rig  is  a  hydraulically  operated  device  for-  cyclic  ;, 
axial  loading  of  hollow,  cylindrical  specimens  between  desired  deflection 
{strain)  limits.  It  consists  of  h.  rigid,  symmetrical,  frame .  -v^ifiva  rrijLSx 
ter  loading  piston  cente red  in  One.  end-housing.  Two  smaller  driving  - 
pistons,  connected  to  either  side  oi  the  master  lo« ding  e yljnde r ,  ynox-e 
the  master  loading  piston.  These  driving  pistons  axe  act ua i.ed  :^y  a r&  .  ---  ., 
adjustable  wobble  plate ,  with  the  result  that  one  is  retracting  whife’-thd 
other  is  extending  and  forcing  oil  into  the  cavity  on  its  side  -of-fjie  master 
loading  piston,  thus  producing  sinusoidal  motion.  The  cyclic  ptyin-can 
be  altered  by  cnangfhjg  the  speed  of  the.  electric -drive-motor .j 

Specimens  are  heated  b\  induction  add  testing  is  conductpd.ru  CO nsfO nt ^ 
temperature.  The  latter  is  maintained  by  thermopile  aJud- optical  devje5.s-, 
and  thermocouples  welde  j  to  specimen  shoulders  are  monitored  a 5^  ;i 
precaution  against  speernen  «■ -.  erh^ating.  w' 

Test  load  ts  measured  by  a  bridge — wired  load -cell  devicfelocated  in  the 
piston  rod  directly  attached  K  tj«  -»p**cimo.tr.  .An  exte.ns  onset  ex;  -rfcmjsten b 
in  the  center  of  the  ludlow  spes  .  n-'!i  is  attached  to  a  linear  .^variable , 
differential  transformer  and  provides  strain  measure n  ents.,.  T-he.oni-  - 
puts. of  the  load-cell  diiice  and  the  transformer  are  plotted  Otr.-indlyiciucd 
.  re  corner  S  ami  on  an  X  -  Y  plo*tec.  4 

The  test  program  was  drawn  up  to  include  cyclic  testing,  stress -si  rain 
curve  determination,  and  impact  testing.  The  program  is  presented  in 
Figure  15-4-1  and  the  specimens  tested  are  shown  in  Figure  15-45.  The 
-;-data  obtained  appear- in  Figures  !5-d6  and  15-d7 
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3v  LONG-TIME  EROSION-BAR  TESTING.  . 


- ;  .•  - 


■  ■4--'  ---'-„  .-...,  ‘  •  -  ..*  -  -  >w  > .  -  ,  •- 

IiongjTtirne  erosion-bar  testing,  was  initiated  to  evaluate  s&yergl 
base  metal-coating  systems.,  Tpe  testing,  is  being  conducted  in  ,a.buraiei^  .  “ 
test  rig  capable  of  accommodating  seven  or  eight  rotating .  sp_§camgns„at-  ..V'^  '■'<&*. 
'  .temperatures  ranging  from  14-50  °F  to  23 0,0°F.  .test  specimens;. rp^te  ^.-.c  - 
in  ap. environment  consisting  of  the..orod'acts  of  combustion* of  J Fr.lMuell  , 

When  this  report  was  prepared,  the  several’  base  .metairc^atitig^systernso  r  ’'.Lr 
listed  in  Figure  15-48  had  ‘  sen  erosiQh  tested  at  ,|S‘3GL®F  nietal;Te^per^-;,.>  \ i-^  '- 
ture  foe  1050  to  1100  hour®.  Tnspectlph.of  the  spec.imehs.;at  tliat  fciirie^cliti- -V 
.not  disclbse  any  evidence  of  coating  distress.,  .  ...  v  Vw 


4.  ELECTRON-MICROSCOPY  AND  ITIASE -IDENfTlFIGATl6NLSTU<I)IES,  ‘ 

'Severer.  materials  having  potoni’dl  applicability  to  turbine  components 
far  the  SST  engine  were  studied  with  reference  to  their  characteristic? 
after,  long  e'-posures  to  high  temperatures.  One  group  of  studies  in¬ 
volved  ole*,  run  metallography  and  phase  identification;  the  other.  _  . 

X-fcay  diffraction  and  fluorescence.  The  materials  investigated  in  both 
groups  of  studies  were  PW.A  658,  PWA  659,  and  PWA  663  (cast,,  nickel- 
base  alloys),  and  PWA  639  (wrought,  nickel -ba.  alloy). 

For  the  elcctron-metuliographic  and  phase -identification  siudi.esi.. all. 
specimens  were  in  the  heat-treated  condition  and  had  ueen  exposed  for>  .. 
long-tirra  s  at  temperatures  ranging  from  1500°F  to  2000.“if,,  execjptilp .  -  =  -  - 
a  few  specimens,  which  had  been  heat-treated  but  not  exposed/  so  that  » 
they  might  serve  as  reference  pieces  in  the  studies...  The  spe  ci  trie  ns;  ? 
are  identiii  d  as  to  heat  number,  heat  treatment,  exposure  temperature;,  \ 
And  exposure  time  in. the  tabulation  in  Figure  ,  15-49.  r  A 

All  of  the  alloys  ^xenined  exhibited  a  fine.,  secondary,  gamma-prime  ,  _ ' 
precipitate  in  the  heat-treated,  but  unexpospd condition.;  This  .precipitate 
coarsened  with  exposures  at  1800°F,  1 9 0  G  F ,  and  2000 ®TV  Sicma  -  ~ 

pha.-.e  was  observed  in  PWA  658  specimens  after  exposure  at  1 5U0®  F ,  : .  = 

and  m  PWA  t>8°  specimens  after  exposures  at  }5C0°F,  and  i£>G0*Fj., 

Small  m  edle-sh.  ped  carbides,  identified  as  N%G,.  were  e..vident  in  PWA  ; 

(  (  spcr:mens,  without  prer examination  aging  at  F60d°F  for  fifty  hours j  ^ 
after  e,.pos  ire  A  1  MJ0 ° F.  La r m  r  needle -shaped  Carbides  were  cyidept 
in  PWA  '  '  3  spt*v inrut ,  both  \uth  and  \v ithout  pre -exanii nation  aging,,  .. 

af; -1  «-xf.oaure  it  180«.  F.  Large  carbide  nc edle s, ,.  iclentafijed. a s. -M^G  :  ...  >,r 

carbidi  ,  were  also  found  in  PV>  \  659  specimens  after  Uic.1t  exposures  iVva .: 
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at  1900°F  and  2000 *F.  Coarsening  of  gamma  prime  in  P WA  /PW^A-  .. 

658,  and  PWA  659  specimens  was  observed  after  their,  exposure  atj..>  r  ^ 
1600°F.  The  coarsening  became  more  evident,  especially  in. th„e  gfc'ainjr,* 
boundary  areas,  after  exposure  at  higher  temperatures.  Small  carbide 
particles  in  these  widened  grain  boundaries  appeared  to  form  sub-  ...  v  . 
boundaries.  PWA  689  material  appeared  to  have  the. narrowest  grain  , 
boundaries  of  the  alloys  examined  after  exposures  at  1400 “F  .and  1X00 °Fi 


r-':-  ■ 


-  *“  r%  Ca 
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The  results  of  the  X-ray-diffraction  and  X-ray-fluorescence  studies  . 

conducted  on  the  large -particle  and  small -particle  residues  from  the* 
digested  alloy  specimens  arc  tabulated  in  Figures  ISr^O  and  15-5:1.  No 
M^C  was  found  to  be  present  in  PWA  658.  The  MC  in  this  alloy  became* 
less  dominant  with  increasing  exposure  temperature,  whereas  f.he  amount 
of  M23  appeared  to  increase  with  increasing  exposure  temperature.  . 
PWA  658  alloy  exposed  to  2000°F  showed  a  large  amount  of  MC  and  a  . 
small  amount  of  M23  C^.  After  the  exposures  at  the  lower  temperatures 
(1500°F  and  1600°F),  there  was  found  to  be  more  M23  C^  in  the  small- 
particle  residue  than  in  the  large -particle  residue.  M?3  C 5  was.  more 
dominant  in  PWA  658  alloy  than  in  P1VA  659  or  PWA  663  alloys.  Sigma 
phas<.  was  found  in  PWA  658  after  exposure  at  1500°F,  as  previously 
stated;  however,  it  did  not  appear  after  exposures  at  l600°F  and  1700°F. 

PWA  659  alloy  exhibited  no  M^C  after  exposures  below  170lOqF.  -The  - 
amount  of  this  ca*r0ide  phase  increased  rapidly  above  1800 ®F. and  .be¬ 
came  more  dominant  in  the  large -particle ,  rather  than  the  small- 
particle,  residue.  In  general,  the  dominance  of  MC  decreased  with 
increasing  exposure  temperatures.  Above  an  exposure  temperature  of 
1800°F,  the  relative  amount  of  M,jC^  phase  decreased.  The  specimen 
exposed  at  1900°F  for  1674.6  hours  showed  a  very  dominant  M/p 
phase;  however,  in  the  specimen  exposed  at  1900°J'  for  536  hours,  MC  : 
was  the  dominant  phase.  No  large  carbide  needles  were  noted  in  the 
specimen  with  the  shorter  exposure  times;  such  needles  were  observed 
in  the  specimen  with  the  longer  exposure  times.  The  nickel  and^cobalf 
contents  of  the  residues  increased  with  increasing  exposure  temperature,^ 
becoming  quite  high  for  1900°F  and  2000°F. 


PWA  663  alloy  showed  decreasing  dominance  of  MC  with  increasing 
exposure  temperature  in  the  large-particle  residue,  whereas  MC 
reached  maximum  dominance  at  exposure  temperatures  of  160j0°F  and. 
1700 °F  in  the  small-particle  residue.  The  MC  phaye  was  more  domijr^. 
ant  in  the  small-pa  rticle ,  rather  than  in  the  large  -particle,  residues  - 
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after  exposure  at  2000 °F.  The  studies  indicated  increasing  M^Gr 
phase  dominance  with  increasing  exposure  temperature  in  the  lar.ge- 
particle  residues;  they  showed  a  maximum  of  M^C  phase  at  exposure 
temperatures  of  1700°F  and  1800°F  in  the  small-particle  residues.  A  ' 
small  amount  of  M23  was  observed  after  exposures  below  1900 "F 
but  not'  at  1900°F  or  2000°F.  M-jB^  phase  was  found  after  all  exposures 
in  both  types  of  residues.  In  tl^e  large -particle  residue,  the  molybdenum 
content  was  lower  after  exposures  at  1500°F  and  1600°F.  In  both  large- 
particle  and  small-particle  residues,  titanium  content  decreased  with 
increasing  exposure  temperature,  whereas  nickel  and  cobalt  contents 
reached  their  maxima  after  exposure  at  I7C0°Fi 


With  reference  to  PWA  689  alloy,  no  M^C  was  found  after  exposure  of 
the  specimen  at  1400°F.  boride  was  observed  after  all  exposures. 

In  summary,  sigma  phase  was  found  in  PWA  658  alloy  after  about 
1000  hours  at  lSOC^F  and  in  PWA  689  alloy  after  about  1000  hours 
at  1d00°F  and  at  1600°F.  Borides,  M3B?>  were  found  in  PWA  658, 

PWA  663,  and  PWA  689  alloys  after  exposure.  Neither  sigma  nor 
boride  phases  were  observed  m  PWA  659  alloy.  After  the  higher 
temperature  exposure,  most  of  the  PWA  659  residues  were  M6  C 
carbide.  Of  the  four  alloys  investigated,  PV/A  659  and  PWA  663  alloys 
appeared,  on  the  basis  of  completed  work,  to  be  the  most  resistant  to 
gamma-prime  coarsening  and  grain-boundary  widening,  and  the  most 
stable  in  the  temperature  range  in  which  the  evaluations  were  made. 
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Material 

Heat 

"  ~  - . T 

Temp. 

rn 

Stress 

(psi) 

Time 

to  0.  i%  Creep 
(hrs) 

PWA  1003 

ABET 

1  i  50 

80, 000 

*1000 

A  BBK 

1150 

66, 000 

*2800 

A  BEK 

1  1  50 

66. 000 

*2800 

ABET 

i  i-:o 

0,  000 

*3500 

A  BBK 

1200 

bO,  000 

*2400 

ABET 

1200 

56. 000 

*1500 

ABET 

1 200 

•  52.000 

*2000 

ABBK 

1250 

45.  000 

26 

ABET 

1250 

45,  000 

*1000 

ABET 

1250 

40.  000 

*3000 

ABBK 

1250 

36.  500 

*3450 

ABET 

1300 

32. 000 

*2000 

ASET 

1300 

27, 000 

*2500 

PWA  1007 

XFKA 

1250 

62. 500 

950 

XF'IR 

!  ?  5C 

55. 000 

*1800 

X  FXA 

1250 

50. 000 

*3000 

XI  IR 

1300 

46.  000 

695 

X  •  IR 

1300 

39.  500 

*1800 

X  KIR 

1300 

35,  000 

*3000 

X  TR 

1350 

32, 000 

735 

*  1  ime  for  0.  1%  creep  estimated  from  test  in  process  when 
this  tabulation  prepared.  » 


CREEP  PROPERTIES  OF  PWA  1003,  PWA  1007,  PWA  1010, 
FWA  120?.,  PWA  1203  AND  AMS  4028  ALLOYS 
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Material 

Heat 

Temp. 

(  F) 

Stress 

(psi) 

-  — 

1  ime 

to  0.  1%  C reep 
(hrs) 

PWA  1007 

XFKA 

1350 

32. 000 

735 

(Cont) 

X  FIR 

1350 

27. 000 

■ 

*  1460 

XFKA 

1350 

25.  000 

2000 

XFKA 

1  350 

23, 500 

*2600 

X  KIR 

MOO 

22, 000 

142 

X  FIR 

1400 

V-  500 

520 

XFKA 

1400 

O 

o 

o 

*  1500 

PWA  1010 

CGNJ 

1150 

72. 000 

*1000 

CGNJ 

1150 

68. 000 

O 

o 

O' 

CGNJ 

1200 

5o. 000 

*  1  000 

CGNJ 

1200 

51, 000 

*2400 

CGNJ 

1250 

34  000 

1100 

CGNJ 

1250 

23. 500 

*2900 

CGNJ 

l  300 

20.  000 

950 

CGNJ 

1300 

13.  000 

*3200 

PWA  1202 

WS1  L 

750 

52.  000 

1045 

WSTI. 

750 

4  0.  000 

*3  100 

WSTL 

850 

50, 000 

42 

WS'I  L 

850 

33. 000 

850 

WSTL 

850 

27.  500 

*2700 

*Time  for  0,  1%  creep  estimated  from  test  in  process  when 
this  tabulation  prepared. 


CREEP  PROPERTIES  OF  PWA  1003,  PWA  1007.  PWA  1010, 
PWA  1202,  PWA  1 Z03  AND  AMS  -1028  ALLOYS 
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Material 

PWA  12  02 
(Cont) 


PU' 


PWA  1203 


AMS  4928 


Heat 


'.VST  L 
WSTL 


,  WEKY 
U’EKY 
WEKY 
j  WEKY 
i  WEKY 
WEKY 


WLGM 


W  I  r.M 


WLGM 
V.  LG  M 


W  1  <~-M 


1  WLGM 
!  WLGM 

t 

!  WLGM 
WLGM 


Temp. 

(’F) 


Stress 

(psi) 

15. 500 
1?. 000 

47, 000 
p7. 000 

17. 500 

12. 500 
5  100 
3.  700 


60.  000 
5°. 000 


27. 000 
22. 000 
1H. 500 
12. 000 
9  oOO 


7.  000 


Time 

to  0.  l^i  Creep 
{hr  s) 


*3100 


^2800 


*2800 


:2000 


*2000 


Mime  for  0.  1°V  creep 
this  tabulation  prepar 


noted 


test  in  process  when 
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PWA 


0 


Notch 

K actor 

'1  emp. 
(’FI 
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This  item  of  the  contract  requires  that  Pratt 
&  Whitney  Aircraft  perform  the  following 
tasks  in  the  areas  of  operations  and  econ¬ 
omics: 

a.  In  conjunction  with  the  airframe  manufact¬ 
urer,  establish  the  engine  configuration  to 
ensure  that  the  supersonic  transport  has  the 
best  combination  of  range  and  payload  capar 
bilities, 

b.  Evaluate  the  economic  aspects  of  alternate 
engine  configurations  and  design  changes, 

c.  Prepare  sales  price  and  spare  parts  esti¬ 
mates  for  use  by  the  Airframe  Contractors 
and  the  Government  in  supersonic  transport 
system  economics  studies.  The  Contractor 
will  also  conduct  analyses  to  determine  engine 
operating  costs  and  their  effect  on  the  overall 
economics  of  the  supersonic  transport. 

The  goal  of  this  program  is  to  establish  the 
powerplant  economic  factors  needed  to  optim¬ 
ize  the  design  of  the  SST  configurations  being 
proposed  by  the  Airframe  Contractors. 
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,  A.  INTRODUCTION 

The  overall  econorru.s  of  the  supersonic  transport  will  be  greatly 
affected  by  the  engine.  However,  the  engine  is  not  an  independent 
variable  since  it  must  be  compatible  with  the  various  requirements 
created  by  the  aircraft.  The  ac-rodynamic  and  structural  capabilities 
of  the  aircraft  set  the  goal  for  the  engine-design. 

When  studying  the  engine's  contribution  to  aircraft  direct  operating 
costs,  it  i»  helpful  to  examine  historical  trends  for  factors  which 
may  affect  projections  to  the  supersonic  era.  Historical  trends,  in 
relation  to  a.rplane  capacity'  and  the  engine's  portion  of  aircraft 
direct  operating  costs  are  shown  in  Figures  16  -l  and  16-2. 


4y- 


One  of  the  major  reasons. why  transport  aircraft  have  improved  in 
their  ability  to  provide  economical  transportation  has  been  the  in¬ 
creased  capacity  of  each  succeeding  generation  of  aircraft.  As  im¬ 
provements  in  the  state  the  art  were  incorporated,  it  became  pos¬ 
sible  to  build  an  aircraft  with  higher  payload  capabilities.  Although 
reciprocating  engine  powered  aircraft  showed  a  higher  dollar  per  hour 
cost  for  each  improved  aircraft,  the  cost  per  unit  of  payloa  j  vas 
lowc-’’.  In  contrast,  turoine  powered  aircraft  lowered  the  cost  per 
mile  as  well  as  increasing  the  units  of  pay load.  SST  projections 
sh  >w  a  marked  increase  in  dollar  s/mile  of  engine -contribution  but  a 
re'  sonable  increase  in  payload  capability  (following  the  historical 
trend!  reduces  this  to  a  level  per  unit  of  payload  where  this  cost 
c..mpar»s  favorably  with  early  suh.-onic  turbine -powered  aircraft. 

It  is  only  reasonable  to  expect  that,  with  future  state  of  the  art  im¬ 
provements,  the  engine  conir.hutmns  to  aircraft  dollar /mile  costs 
can  be  reduced  as  well  as  the  a'i  per  seat  mile. 


C 


With  the  above  ia  mind,  as  well  as  the  great  increase  in  productivity 
which  the  SST  will  bring,  ic  seems  that  the  projected  costs  for  the 
supersonic  transport  should  be  compared  with  subsonic  transports 
on  a  cost  per  seat  mile  rather  than  on  a  cost  per  mile  basis. 

When  calculations  ?.re  made  of  the  engine's  contribution  to  aircraft 
direct  operating  costs  using  the  STF-219  engines,  the  results,  as 
shown  in  Figure  16-2,  indicate  that  the  SST  with  200  seats  is  already 
reduced  in  costs  per  seat  mile  to  the  same  level  as  the  early  actual 
experience  of  subsonic  jet  powered  transports,  and  that  an  increase  in 
payload  capacity  and/or  a  reduction  in  expense  could  reduce  the  cost 
to  the  lev’ll  of  the  best  of  current  aircraft.  It  is  recognized  that  there 


PACT  HO. 


..  16-2 


»»••«  *? 
OCT  0A 


CONFIDENTIAL 


PRATT  *  WHITNBY  AIRCRAFT 


CONFIDENTIAL 


PWA-239? 


may  be  further  improvements  in  the  operating  cost  of  subsonic  jets 
which  will  provide  an  ever  lower  target  for  the  3ST  to  attain.  One 
should  remember,  however,  that  the  subsonic  jet  experience  has  been 
much  better  than  estimates  indicated  at  the  time  that  the  "go— ahead" = 
was  given  for  these  aircraft.  By  the  time  the  super  sonic  transport 
becomes  operational,  it  can  be  expected  that  it  too  will  be  better  than 
presently  predicted. 
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A  further  examination  of  Figure  16-2  reveals  that  the  engine  costs 
associated  with  both  the  reciprocating  engine  powered  and  the  sub¬ 
sonic  jet  powered  aircraft  have  improved  with  further  development. 
The  supersonic  transport  can  be  expected  to  do  this  also?  particu¬ 
larly  since  it  will  then  be  the  most  advanced  transportation  mode 
and,  as  such,  will  receive  most  of  the  development  effort. 


B.  STUDIES  TO  DETERMINE  OPTIMUM  ENGINE  CONFIGURATION 
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As  part  of  the  phase  II- A  contract  effort,  Pratt  &  Whitney  Aircraft 
worked  in  cooperation  with  the  airframe  contractors  on  studies  to  de¬ 
termine  the  engine  configuration  which  would  provide  the  best  combina¬ 
tion  of  range  and  payload  capabilities.  These  studies  evaluated  all 
engine  cycles  that  had  been  suggested  as  suitable  for  a  supersonic 
transport  aircraft  in  the  Mach  2.  7  to  3.  0  cruise  range.  Scaling  data 
were  provided  to  permit  optimization  of  the  engine  to  whatever  size 
was  required  to  provide  the  best  aircraft  characteristics  from  the 
standpoint  of  range  /  payload,  block  speed,  takeoff  and  landing  paths 
and  distances,  sonic  boom  overpressures,  noise  levels  and  overall 
utility  and  flexibility.  In  addition,  the  study  evaluated  the  effects  of 
engine  performance,  engine  weight  and  price  as  these  affected  the  per¬ 
formance  and  economics  of  the  optimized  aircraft. 


! 


In  support  of  these  studies,  parametric  type  data  were  developed  and 
provided  to  the  airframe  contractors.  The  information  is  briefly  sum¬ 
marized  below: 


1,  RELATIVE  ENGINE  PRICE 


C 


Figure  16-3  shows  the  estimated  relative  engine  price  excluding  all  de 
velopment  c^sts  for  the  supersonic  transport  engine  cycles  which  were 
studied  ir.  most  detail  by  the  aircraft  contractors.  {See  Item  i  for  de¬ 
tails  of  the  engines  and  their  performance.)  As  noted,  the  prices 
were  based  on  a  200-aircraft  program  at  a  stabilized  production  rate 
of  2.  5  aircraft  per  month.  Refer  to  the  section  on  Vajue  Engineering 
in  Item  17  for  additional  details. 
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2.  RELATIVE  DEVELOPMENT  GOST 


On  the  basis  of  studies  during  Phase  I,  it'  was  anticipated  that,'  diffet.:?? 
ences  in  relative  development  costs  would  be  small  for  those  engineS>  ; 
cycles  and  sizes  most  likely  to  be  chosen  for  optimized  Phase  II -A  ' 
aircraft  designs.  Accordingly  nodetailed  analysts  was  made  of  relative 
development  cost  among  the  various  engine  cycles  and  sizes,  AH?- 
frame-contractor  engine  selections  were  based  on  other  governing 
factors  without  requiring  consideration  of  the  expected  small  effect  Of 
relative  development  cost.  - 

3.  EFFECT  OF  PROGRAM  SIZE  '  . 

To  assist  the  airframe  contractors  in  assessing  the  .effect  of  program 
size  on  supersonic  transport  economic  potential,  estimates  were  made 
of  the  effects  on  esigine  price  of  programs  which,  varied  from  100  to 
400  aircraft.  The  results  are  presented  in  Figure  16-4. 
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4.  EFFECT  OF  DESIGN  CRUISE  MACH  NUMBER 

Tc  assist  iit<.  ?irirn»if  contruct'-r  s  ;n  «*s 3-ess ing  <hc-  eliecis  oi  design 
cruifr  mac:  number  un  SSI  ec  w ss.iv  y-  •'ents.ii,  o.Timafes  were  rrh.d'e 
os  the  effects  i  ii  engine  unit  price  ext  *ud  n;»  arm.rLzat  >on  of  any  engine 
development  io«Ss  and  on  total  euci j.e  d.-'-emptuert  *  outs.  Fhe  results 
are  yr>  s<  nt.-d  n  1  t^art  ! - T-.  - 

The  relative  development  cost  can  be  considered  applicable  to  costs 
before  and  after  aircraft  certification. 

5.  ESTIMATED  ENGINE  LABOR  COSTS 

A  comprehensive  review  of  engine  labor  costs  for  subsonic  commercial 
turbine  engines,  submitted  by  the  airlines  to  the  CAB,  indicated  that 
the  I960  ATA  method  for  estimating  labor  man-hours  per  flight  hour 
should  be  changed^  The  PStVVA  method  outlined  below  uses  the  same 
parameters  as  the  I960  ATA  method,  namely  engine  thrust  and  time 
between  overhauls  (TBO)  but  the  level  of  the  man-hours  required  has 
been  increased  over  the  ATA  method. 


The  specific  analysis  procedure  followed  in  developing  this  method  in¬ 
volved  a  thorough  review  of  current  airline  experience  with  power-plant 
labor  costs.  Data  was__gathered  from  Civil  Aeronautics  Board  4-rrh  -13 , 
using  reported  costs  for  1962  and  .'963.  The  accounts  used  were 
5225.2  {labor -aircraft  engines)  and  (aircraft  engine  ropau1  - 

outside).  Account  5243.  2  was  used  ior 'referent  e  only  and  ;s  hoi  included 
in  the  computed  engine  costs. 
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Man-hours  per  flight  hour  were  computed  using  a  labor  rate  ^ 

man-hour.  The  Tcu's  used  were  averages  computed  over  Jhe  yea_r;for 
which' the  corresponding  cost  data  appliedr  , 


The  parameters  used  in  the  1-960  A  TA  formula,  i.  e.  ,  thrust  and  TBQl 
were  still  basically  applicable.  Plotting  available  data  againstithrust  . 
yielded  a  wide  scatter  of  points  having  no  apparent  .relationship.  In  v 
order  to  obtain  a  more  meaningful  set  of  data,  any  point  which'  repre¬ 
sented  more  than  30%  outside  repairs  or  less  than  20,  000  hours  yearly' 
aircraft  fleet  utilization  was  eliminated.  Imposing  this^  restriction  - 
yielded  a  much  closer  set  of  points.  This  data  was  further  refilled^ 
to  give  the  curve  plotted  in  Figure  lfe-6.  An  explanation  of  the  us<£.of. -  - 
-  tbjs  curve  formula  for  calculating  engine  labor  costs  is  given  in  Figure 
16-7... 


Figure  ic-b  provides  an  estimate  of  quick  engine  change  labor  man¬ 
hours.  For  supersor-ic  transport  use  it  is  recommended  these  man¬ 
hours  be  reduced  to  bare  engine  man-hours  by  dividing  by  1.5.  To 


account  for  the  additional  labor  requirements  of  the  ejector. 


aug  mentor- 


variable  nozzle,  and  reverser,  bare  engine  labor  should  be  increased; 


by  an  estimated  twenty-five  percent. 


6.  ANALYSIS  OF  f  ACTORS  AFFECTING  ENGINE  MAINTENANCE 
MATERIAL  COST 

The  following  parameters  \v-*re  considered  in  setting  up  a  system  for 
estimating  maintenance  materials  costs: 

O  Time  between  overhaul 
a  Premature  engine  removal  rate 
O  Engine  price 
O  Turbine  inlet  temperature 

O  Pre-  and  post-certification  development  effort 
O  Parts  repair  procedures 

q  Complexity  -  basic  engine.,  added  features  such  as  variable 
nozzle,  augmentation,  ejector,  etc. 

O  Duty  cycle 
O  Environmental  factors 
q  Spare  parts  price  factor 
O  Specific  thrust 
O  Gas  generator  airflow 
D  By-pass  ratio 
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A  discussion  of  each  of  these  parameters  is 'included  in  Appendix  A  to 
this  section  starting  on  page  16-15. 
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After  a  thorough  analysis  of  the  above  parameters,  Pratt  &  Whitney- 
Air  craft  selected  the  parameters  of  specific  thrust,  gas  generator 
airflow,  and  bypass  ratio  as  the  factors  being  the  most  useful  for  the 
prediction  of  engine  maintenance  mater  ials'costs  during  the  current 
engine  study  phase.  These  factors  provide  a- measure  of  engine  size, 
working  level  and  complexity.  These  parameters  can  be  used  for 
predicting  material  cost  per  hour  for  subsonic  and  supersonic  turbine 
engines  with  the  addition  of  ensdromnental  and  duty  cycle  factors 
applied  to  the  supersonic  engine  plus  variable  nozzle,  augmentor  and 
ejector. 
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Other  factors  such  as  TBO  and  premature  removal  rate  have  not  been 
included  in  the  proposed  method  which  represents  the  quantitative 
aspects  of  estimating  the  base-line  engine  maintenance  material  cost. 

This  base-line  is  predicated  on  subsonic  records  of  a  satisfactory  pre¬ 
mature  removal  rate  representing  durable  and  reliable  turbine  engines.  - 
P&WA  subsonic  turbine  engine  records  show  that,  for  a  well-developed 
engine,  material  cost  per  hour  is  relatively  insensitive  to  TBO  after  a 
brief  introductory  period.  Based  on  subsonic  turbine  engine  records, 
price  is  completely  misleading  as  a  factor  to  predict  such  costs. 

In-flight  shutdowns  and  schedule  delays,  both  of  which  are  related  to 
premature  removal  rate,  can  seriously  affect  aircraft  utilization  rate. 
Revenue  per  aircraft  is  importantly  reduced  as  a  result  of  a  higher 
rate  of  unscheduled  engine  removals,  repairs  and  maintenance  procedures 
which  disrupt  schedule  departures.  These  factors  will  directly  in¬ 
fluence  the  number  of  aircraft  and  spare  engines  required  to  support  a 
given  travel  market:  labor  and  material  cost  expenditures  will  also 
be  affected.  In  addition,  the  added  expense  of  passenger  accommoda¬ 
tions,  meals,  and  the  detrimental  effects  of  a  poor  on-time  record  re¬ 
sult  from  decreased  engine  reliability  and  durability.  It  can  be  appre¬ 
ciated  that  the  effect  cf  a  larger  fleet  for  a  given  market  is  by  far  the 
major  factor  of  the  aforementioned  because  of  the  leverage  repre¬ 
sented  by  the  ratio  of  total  vehicle  DOC  to  engine  DOC. 

When  the  base-line  material  cost  per  hour  has  been  determined  using 
the  proposed  formula,  it  is  recommended  that  the  evaluator  medify 
the  results  by  weighing  the  capability  of  the  manufacturer  in  such 
areas  as  development  effort,  repair  procedures,  time  between  overhauls 
ard  premature  removal  rate  based  on  the  current  subsonic  engine  records. 
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?-.  ESTIMATE  /OF~SNuINE  MATERIALS 'GOSTS  /  - 

Ap  indicated  sn  toe  preceding  subsection,  a  study  was.  conducte.dvbyt  f 'i-, 
Fratt  & Whitney-  Aircraft  tp  deYertn ine  the  minimum  number  s^f-jlactor  s 
necessary  to  estimate  the  maintenanciYmaterial  cost  per  hour  for  ad~  .  ^ 
vanced  engines.  After  due  evaluation,  the  parameters  ox  specific  tHrust, 
gas  generator  airflow, and'  by-pass  ratio  were  selected.  Thefe^are1 1-1 
known  factors  which  are  readily  avaiiable4iaring  the  .engine  study  phkseY. 
The  procedure  for  estimating  material  costs ‘pfer  hour  based  on  the-se-'l;.!- 
f actors,  is  discussed  in  this  section.  The  material .. cdsf^per  hbu? 
tairied  from  the  proposed  system  is  intended  solely  for  predicting  the.  Cl 
target  maintenance  costs  for  engines  which  evolve  from  a  successful^  -  ~ 
engine  development  program.  When  using  the  costs  predicted  by  this^-v-Cl 
formula  for  advanced  engines,  consideration  must  be  given  to  the  -C  - 
adequacy  of  the  development  program  ip-time,  dollars,  and  service 
experience  to  justify  the  conclusion  that  the  stale  of  art. required  for 
an  advanced  engine  can  in  fact  be  achieved  as  planned. 
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The  specific  analysis  procedure  rised  to  develop  the  method  for  estimat¬ 
ing  engine  maintenance  material  costs  involved  first  a  review  of  re¬ 
ported  airline  costs  taken  from  CAB  Form  41  for  the  time  periods  shown 
in  Figure  io-8.  Account  5246.  2  (materials  -  aircraft  engine)  and 
31.  5  per  cent  of  account  5243.2  (aircraft  engine  repair  -  outside) 
were  used.  "  - 


The  figure  of  31.  5  per  cent  for  the  material  portion  of  outside  repair 
costs  was  established  by  determining  the  portion  comprised  of  in-house 
repair.  The  assumption  was  then  made  that  this  same  percentage  also 
applied  to  outside  shops.  The  reported  in-house  costs  for  labor,,  mate'- 
rials,  and  one  half  of  the  maintenance  burden  were  totaled.  Then  tlie 
percent  of  this  total  represented  by  materials  was  determined  and  an 
average  taken  over  several  airlines  and  aircrafts  This  cost  data  is 
presented  in  the  curves  listed  beiow: 


Figure  16-9  shows  the  basic  material  cost  per  hour  as  a  function  of 
gas  generator  airflow  for  a  zero  bypass  engine.  The  level  of  this 
curve  was  set  by  the  minimum  air  line  costs  for  .ihis  type  ve  engine. 

Figure  16-10  shows  the  ratio  between  a  specific  gas  generator  and  a 
fan  or  turboprop  engine  using  the  same  gas  generator.  The  level  of 
this  curve  was  set  by  the  minimum  airline  cost  for  these  types  of  ^ 
engines.  - 


c 


Figure  16-11  supplies  a  reference  specific  thrust  versus  bypass  ratio 
for  all  engines.  The  values  are  based  upon  the  c ‘Trent  state  of  the 
art  as  portrayed  by  most  of  die  engines  nO\y  Y>g-  rating  with  the  airlines'. 
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Figure  16-12  provides  another  cost  ratio  as  a  function  of  a  specific  .  ’ 

thrust  ratio.  The. line  on  this  curve  runs  through  the  minimum  cost 
level  and  well  below  the  cost  level  for  engines  which  have  been  operating: 
above  the  current  state  of  the  art  or  have  not  been  developed  to  attaim  -- 
the  minimum  cost  level. 

An  explanation  of  the  use  of  Figures  16-9  through  16-12  for  calculating; 
QEC  unit  material  costs  per  flight  hour  is  presented  in  Figure  16-13. 

Figure  16-14  shows  the  percentage  increase  in  material  cost  estimated 
to  be  necessary  to  account  for  the  difference  between  subsonic  and 
supersonic  environment  and  duty  cycle.  The  level  is  based  on  cost 
changes  due  to  metal  property  improvements  required  as  rotal  tem¬ 
perature  and  pressure  increase  with  cruise  Mach  number.  Figure 
16-12  was  used  in  estimating  the  duty  cycle  difference. 

Figure  16-  15  presents  the  dollars  per  hour  increments  for  the  variable 
nozzle,  augmentor,  and  ejector  reverser  portions  of  the  SST  engine. 

The  level  of  this  line  is  based  on  estimated  percentage  cost  as  a 
function  of  engine  cost  and  life  factors  for  each  of  the  components. 


An  explanation  of  the  use  of  Figures  16-14  and  16-15  for  calculating 
estimated  material  costs  per  hour  is  presented  in  Figure  16-16. 


Additional  explanatory  notes  on  the  above  curves  are  contained  in 
Appendix  B  to  this  section  starting  on  page  16 -i8  of  this  report. 

During  this  work  it  was  necessary  in  many  instances  to  use  materials 
costs  for  a  bare  engine  instead  of  lor  the  cqrriplete  Q.  is.  C.  unit.  A 
ratio  of  1.  7  was  derived  for  the  QEC  unit'materials  costs/bare  engine 
materials  costs.  Bare  engine  maintenance  costs  came  from  data 
supp.'.ed  by  the  Pratt  &  Whitne„y  Aircraft  Service  Department.  QEC 
unit  maintenance  costs  are' from  ATA  statisf>s  reported  in  Form  41. 
Ratios  were  computed  for  several  engines  and  cn  average  value  deter¬ 
mined. 
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C.  ECONOMIC  FACTORS 


The  major  engine  factors  affecting  direct  operating  costs  were 
studied  during  this  contract  and  included  the  following: 

1.  Engine -Aire raft  Matching 

2.  Fuel  Cost 

3.  Oil  Cost 

4.  Depreciation 

5.  Engine  Prices 

6.  Engine  Development  Costs 

7.  Engine  Labor  Cost  Estimates 

8.  Engine  Maintenance  Material  Cost  Estimates 

A  discussion  of  each  of  these  factors  is  contained  in  the  paragraphs 
which  follow. 

L  ENGINE-AIRCRAFT  matching 


A  major  effort  during  the  Phase  IIA  contract  has  been  the  re-examination 
without  prejudice  of  the  advantages  and  disadvantages  of  all  engine 
cycles  that  have  been  suggested  as  suable  for  a  supersonic  transport 
in  the  Mach  2.7  to  3.0  cruise  range.  An  en'ort  was  made  to  optimize 
the  engine -aircraft  match  for  range -pa ylc.jd,  flight  speed,  take-off 
and  landing  conditions,  sonic  boom  overpressures,  -noise  levels, 
and  overall  utility  and  flexibility.  Since  engines  proposed  during 
Phase  I  were  judged  to  be  inadequate  to  meet  the  objectives  of  the 
SST  program,  Pratt  &  Whitney  Aircraft  has  abandoned  the  limitations 
imposed  by  the  use  of  J-58  component  hardware  and  also  increased 
the  turbine  inlet  temperature  level  for  the  basic  . ngine  specification 
to  2200 °F  for  cruise  and  2300 SF  for  maximum  {transonic  acceleration). 
Initial  service  operation  would  be  conducted  at  1900°F  cruise/2000  F 
maximum. 


The  engine  cycles  considered  in  the  Phase  IIA  evaluation  and  the 
performance  for  each  are  shown  in  Figure  16-17.  In  addition  to 
the  engine  cycles  presented  in  this  table,  an  STF-223  cycle  consisting 
of  a  turbofan  engine  configuration  with  full  afterburning  augmentation 
was  evaluated.  This  engine  which  mixed  the  flow  of  the  gas  generator 
and  fan  prior  to  burning  in  a  common  afterburner  was  found  to  be 
non-competitive  early  in  the  aircraft  studies  and  dropped  from 
consideration. 
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The  remainder  of  the  cycles  were  Subjected  to  detail  study  in  optimized?  : 
aircraft  before  a  final  decision  was  made  as  to  cycle  selection  and  -  r 
size.  The  study  included  the  effects  of  engine  performances,  engine 
weight  and  engine  price  as  these  related  to  the  optimized  aircraft.;  V 
These  studies  were  based  on  comparable  component  efficiency  and  - 
performance  for  each  cycle  and  considered  the  requirement  that  all 
engines  be  available  in  the  same  time  period  in  order  to  provide  a 
meaningful  comparison.  Accordingly,  while  each  of  these  engines 
entailed  development  risks  in  different  areas  and  to  different  degrees, 
the  time  required  to  ’•each  production  status  was  considered  to  be 
equal  for  all  engines.  The  engine  cycle  finally  selected  represents 
an  optimized  engine -aircraft  configuration  designed  for  minimum 
operating  cost  consistent  with  the  performance  required. 


2.  FUEL  COSTS 


The  fuel  cost  will  be  the  largest  of  the  factors  that  can  be  directly 
associated  with  the  engine.  An  engine  design  objective  is  the 
capability  of  operating  with  a  fuel  which  is  equivalent  in  cost  to  that 
of  PWA  Spec.  522  (ASTM  Jet  A},  the  current  subsonic  fuel. 

PV/A  Specification  533  deiines  the  supersonic  transport  engine  fuel 
characteristics.  Preliminary  comments  from  three  oil  companies 
indicate  it  is  possible  to  satisfy  all  requirements  of  this  specification 
including  those  for  thermal  stability  at  no  increase  in  cost  in  the  1970 
time  perioa. 


3.  OIL  COST 

Pratt  &  Whitney  Aircraft  will  specify  PWA  521  Type  II  oil  for  the  super  sonic 
transport  engine.  Since  the  engine  design  will  have  about  the  same 
level  of  oil  consumption  as  current  turbine  engines  {0.4  gals. /hr.), 
the  influence  on  aircraft  D.O.  C.  of  this  factor  is  considered 
insignificant . 


4.  DEPRECIATION 


Engine  depreciation,  which  is  a  function  of  engine  price,  is  another 
factor  which  will  significantly  affect  aircraft  direct  operating  cost. 
The  prices  for  the  engines  being  offered  anJ  the  standards  on  which 
these  are  based  can  be  founi  on  page  16-41  this  section,  .. 


5.  ENGINE  PRICES 

Selection  of  the  optimum  SST  engine  by  the  airframe  manufacturers 
was  made  after  detailed  studies  of  optimized  aircraft.  Primarily 
as  a  result  of  the  difference  in  aircraft  configuration,  Lpckheedis>- 
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selection  required  an  engine  sized  at  700  lb. /sec.  while  Boeing's 
selection  required  one  sized  at  640  lb. /sec.  These  engines  have 
been  designated  as  the  STF-219-L  and  STF-219-B  respectively. 


As  a  result  of  the  selection  of  these  new  engines  for  the  SST  airplane, 
it  was  necessary  tc  establish  new  engine  unit  prices.  Accordingly, 
the  estimated  production  unit  selling  prices  in  1964  dollars,  calculated 
in  accordance  with  the  Phase  II -A  SST  Economic  Model  Ground  Rules, 
dated  July  10,  1964  are: 


STF-219-L  per  Eng.  Spec.  No.  26S2  -$2,000,000 
STF-219-B  per  Eng.  Spec.  No.  2681  -$1,825,000 


These  prices  include?  all  standard  equipment  listed  in  the  engine 
specification  including  the  ejector  and  reverser  and  are  based  on  a 
program  involving  200  aircraft  with  a  stabilized  production  rate  of 
2.5  aircraft  per  month  and.  in  accordance  with  the  FAA's  request, 
include  amortization  of  the  company-absorbed  estimated  development 
costs  subsequent  to  an  assumed  aircraft  certification  by  mid-1972 
but  none  of  the  development  cost  prior  to  aircraft  certification. 


These  estimated  engine  prices  are  suitable  for  use  in  computing 
the  engine  depreciation  portion  of  airplane  direct  operating  cost 
in  accordance  with  the  FAA  Phase  II-A  Economic  Model  Ground  Rules. 
The  rules  also  indicate  that  these  engine  prices  should  be  used  to 
estimate*  engine  maintenance  material  costs  by  means  of  a  modified 
AT  A  formula.  It  is  recommended  that,  instead  of  using  this 
method,  the  estimated  maintenance  costs  described  on  page  16-12 
be  used  for  th'*  STF-219  engines. 


6.  ENGINE  DEVELOPMENT  COSTS 

Asa  result  of  the  new  engines  being  proposed  at  the  end  of  Phase  II-A, 
it  has  been  necessary  to  revise  the  development  cost  estimates.  Due 
to  the  compressed  time  schedule  for  Phase  II-A  reporting,  the  follow¬ 
ing  "preliminary"  estimated  development  costs  were  given  to  the  air¬ 
craft  contractors  and  recommended  for  their  use  in  accordance  with 
the  FAA  Phase  II-A  SST  Economic  Model  Ground  Rules,  dated  10  July 
1964: 


STF-219-L  per  Eng.  Spec.  No.  2682 . .$970,000,000 

STF-219-B  "  "  "  '  "  2681 . $880,000,000 


These  costs  include  all  the  engine,  ejector  and  reverser  development 
costs  prior  to  an  assumed  aircraft  certification  date  of  mid- 1972  and 
is  based  on  an  effective  prototype  engine  development  program  go- 
ahead  of  December  1,  1964.  The  cost,  in  accordance  with  the  FAA's 
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request,  includes  the  cost  of  two  ground  test  engines  including  • 
ejectors  and  reversers  for  the  aircraft  flight  test  program  arid  their 
support. 


These  estimated  development  costs  are  suitable  for  use  in  evaluating 
the  economic  potential  of  the  SST  designs  in  accordance  with.. the  FAA 
Phase  II-A  Economic  Model  Ground  Rules. 


7.  ENGINE  LABOR  COST  ESTIMATES 


Before  calculating  labor  requirements  for  the  STF-219-L  and  the 
STF-219-B  engines,  it  was  necessary  to  determine  the  expected 
time  between  overhauls.  Initially,  it  is  anticipated  that  the  target 
time  between  overhauls  will  be  600  hours  when  the  engine  is  operated 
at  turbine  inlet  temperatures  of  1900°F  cruise  and  2000°F  maximum 
{transonic  acceleration).  Subsequent  increases  in  time  between 
overhauls  and/or  cruise  temperature  will  be  dependent  on  experience 
and  will  be  worked  out  with  the  airline  operators  to  obtain  the  most 
economical  tradeoffs  between  time  between  overhaul  and  increased 
temperature.  Experience  would  indicate  that  time  between  overhauls' 
would  probably  increase  to  approximately  1500  hours  before  significant 
increases  in  turbine  inlet  temperature  will  be  considered  in  order 
not  to  adversely  affect  aircraft  utilisation  and  make  possible  the 
use  of  a  reasonable  spare -engine  rat  io. 

If  operation  were  continued  at  1900 °F  for  cruise  and  2000 °F  for 
maximum  (transonic  operation)  it  is  anticipated  that  the  time 
between  overhauls  will  increase  with  additional  Operating  time  in 
the  manner  shown  in  Figure  16-1&.  It  is  estimated  that  labor  costs 
for  a  STF  219  engine  will  be  $7.50  per  flight  hour  when  a  time 
between  overhauls  of  3000  hours  is  reached.  The  estimated 
maintenance  costs  apply  to  the  engine  only  and  do-not  cover  complete 
quick  engine  change  costs.  Included  with  the  engine  are  all  items  of 
standard  equipment  such  as  the  gas  generator  and  duct  heater  fuel 
system  controls,  the  complete  duct  heater  augmentation  system, 
the  variable  area  exhaust  nozzle  and  controls,  the  bJow-in-rioor 
ejecior  and  integral  reverser  system  and  its  controls. 


8.  ENGINE  MAINTENANCE  MATERIAL  COST  ESTIMATES 

Estimates  have  been  prepared  of  SST  engine  maintenance  costs  for 
the  specific  engines  selected  by  the  airframe  contractors  for  their 
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Phase  II-A  engine  designs.  These  estimates  are  in  1964  dollars  arid 
were  made  for  the  STF-219-B  (Boeing)  and  the  STF-219-L 
(Lockheed)  engines.  Inasmuch  as  there  is  at  present  no  significant 
operating  experience  at  the  elevated  turbine  temperature  levels  required 
in  the  SST  powerplant,  it  can  be  readily  appreciated  that  a  careful 
review  and  revision  of  these  estimates  will  be  required  as  experience 
is  gained  in  the  engine  development  and  flight  test  prograrn. 

The  turbine  inlet  temperature  for  the  initial  service  operation  of  the 
STF-219  engine  will  be  a  function  of  the  time  when  airline  passenger¬ 
carrying  service  commences  operation.  If  SST  service  operation 
should  be  scheduled  to  commence  during  1972,  then  the  initial 
service  operation  of  the  engine  will  probably  have  to  be  at  a  1900°F 
cruise  turbine  inlet  temperature  and  a  200C°F  transonic  acceleration 
temperature.  Turbine  inlet  temperature  will  be  increased  to  the 
2200°F/2300°F  level  as  soon  as  it  is  practical  to  do  so  a*,  shown  by 
airline  operat:ng  experience  and  concurrent  engine  development. 

The  step  or  steps  which  will  be  taken  in  increasing  the  engine 
performance  to  the  2200°F/23G0°F  level  may  require  significant 
engine  parts  changes,  and,  during  this  period,  engine  TBO  will 
increase  at  a  slower  rate  than  if  the  operating  temperature  level 
were  to  be  maintained  at  the  1900°F/.2000°F  level. 


_ j >  » -  -'IT xa. 


The  following  estimates  are  made  in  consideration  of  the  probable 
program  as  described  above: 

a.  After  an  initial  period  of  three  .t-ers,  it  is  estimated  that 
maintenance  material  costs  will  be  as  follows: 

STF-219-Lper  Eng.  Spec.  No.  2682. . .  $75.  00  per  hour 
STF-219-B  per  Eng. -Spec.  No.  2odL  » .  $70.  00  per  hour 

These  figures  apply  under  the  assumption  that  operation  starts 
and  continues  at  1900°F  for  cruise  and  ZOOC'F  for  maximum. 


b.  Maintenance  material  costs  during  the  initial  period  of  three 

years  (at  1900SF  cruise  and  20Q0°F  maximum)  may  be  adversely 
affected  by  the  requirement  for  engine  part  changes  associated 
with  the  break-in  period.  Accordingly,  it  is  suggested  that  a 
minimum  of  50%  higher  costs  be  assumed  for  this  period. 


c.  Once  satisfactory  levels  of  maintenance  material  cost,  time  be¬ 
tween  overhaul  and  utilization  have  been  achieved  at  I900°F 
cruise  and  200CFF  maximum,  the  rate  of  progress  to  higher  tur¬ 
bine  inlet  temperature  will  depend  on  an  economic  trade-off  be¬ 
tween  the  operation-prov-’n  effects  on  aircraft  performance,  en¬ 
gine  maintenance  material  costs  and  engine  time  between  overhauls. 
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The  ps!  i  nt  a  ted  maintenance  costs  apply  to  the  engine  only  and  do  not 
cover  complete  quick  engine  change  unit  costs.  Included  with  the  engine 
are  all  items  ot  standard  equipment,  such  as  gas  gene  rate  r  and  duct 
heater  fuel  system  c  ontrols,  the  complete  duct  heater  augmentation 
system,  variable  area  exhaust  nozzle  and  controls,  and  olow-in  door 
ejector  and  integral  reverser  system  and  its  controls. 
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DISCUSSION  OF  PARAMETERS  USED  FOR 
ESTIMATING  MAINTENANCE  MATERIAL  COST 
(Ref.  page  16-6} 

Time  between  overhaul  TBO  can. have  a  significant  effect  on  mater  al 
cost  per  hour  but  a  well -developed  engine, after  a  vjry  brief  introductory 
period  should  demonstrate  a  material  cost  per  hour  which  is  effectively 
constant  and  unaffected  by  increasing  TBO.  This  results  because  the 
expendable  parts  cost  per  hour  will  decrease  while  the  cost  per  hour 
due  to  those  parts  whtch'last  through  two,  three,  or  more  overhauls 
will  increase.  The  rate  of  TBO  increase  will  be  affected  by  the  amount 
of  development  effort  expended,  since  an  engine*  with  the  proper  amount 
of  pre-  and  post -certification  development  support  historically  has 
shewn  a  continually  increasing  allowable  TBO..  On  an  operating  hour 
basis, the  material  cost  would  therefore  be  expected  to  remain  approxi¬ 
mately  constant  as  (he  engine  progresse  through  successive  overhauls 
at  greater  time  intervals. 

Premature  engine  removal  rate  -  This  factor  will  definitely  have  an  ef¬ 
fect  on  material  cost  per  hour  of  operation  but  history  has  shown  It  *,t  a 
satisfactory  post-development  effort  at.ri  a  continuing  rate  of  TBO  bn 
crease  combine  to  reduce  the  effect  of  this  parameter  on  engine  operat¬ 
ing  c*  T.  Because  premature  removal  rate  (PR.R)  is  basically  unknown-intil 
operational  experience  is  gained,  it  is  considered  difficult  to  predict 
this  factor  at  any  point  prior  to  operation,  fhe  effect  of  a  high  premar 
turo  removal  rate  on  utilization  is  very  iinpartant,  affecting  fhe  overall 
supersonic  transport  economics  adversely.  The  -  xte  A  £sf  this  effect  la 
such  that  it  cannot  \>*  tolerated.  The  engine  post-ct*x>  idication  develop¬ 
ment  m  .st  be  piano-  d  at  a  high  level  in  order  to  ensure  a  capability  to 
provide  the  promp*  engineering  changes  required  during  early  service 
operation.  This  s  necessary  to  achieve  a  low*  average  PRR. 

Engine  price  -  TH-  development  of  the  SST  engine  represents  an  effort, 
and  an  investment  which  is  many  times  that  of  previous  commercial  en¬ 
gine  development.  .  Because  of  the  magnitude  of  this  program,  the 
period  of  time  w*r  which  :l  may  extend,  and  the  degree  of  development 
effort  planned,  engine  price  estimates  may  vary  substantially.  The  de¬ 
gree  of  price  variation  could  reflect  the  total  approach  taken,  by  the 
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manufacturer  in  the  program  foreseen  fs.».  the  design,  development, 
and  support  of  the  produtt.  .As  subsonic  commercial  engine  records 
will  show,  engine  price  alor,/-  cannot,  be  depended  upor.  to  provide  an 
accurate  predict:,  n  of  engine  material  costs  per  hour  even  if  this  is 
biased  with  TBO  or  premature  removal  rate  because  these  factors  are 
difficult  to  judge  for  future  engines. 

Turbine  inlet  temperature  -  This  factor  has  a  very  important  effect  on 
material  cost  per  hour  since  it  is  a  measure  of  the  working  level  of  the 
engine.  The  effects  of  iirbine  inlet  temperature  are  included  in  the 
specific  thrust  factor  of  the  proposed  method. 

Pre-  and  Post -Ce  niff  ration  Developrr  .)  t  EfSrt  -  The  economic  success 
of  any  commercial  transpor*  engine  ;*■  dependent  on  the  degree  of  total 
effort  expended  by  the  manufacturer  in  the  pre-  and  post -certification 
periods.  This  could  be  an  excellent  measure  of  material  cost  per  hour 
if  all  proposals  were  based  on  the  same  approach.  However,  since  it 
is  difficult  to  assess  this  factor  quantitatively,  it  is  recommended  that 
this  should  be  a  judgment  factor  considered  by  the  evaluator  after  the 
material  cost  per  hour  is  calculated  using  the  proposed  method. 


Parts  Repair  Procedures  -  The  degree  of  response  of  the  manufacturer 
in  devising  repair  procedures  will  have  a  definite  effect  on  maintenance 
material  costs  per  hour.  This  area  is  difficult  to  assess  in  any  simple 
formula  and  shocld  be  treated  as  another  judgment  area  by  the  evaluator 
when  the  material  cost  per  hour  has  been  calculated  using  the  proposed 
method. 


Complcxit >  -  Complexity  of  engine  design  w.ll  affect  engine  material 
costs  per  hour.  Added  complexity  such  as  augmentation,  variable  noz¬ 
zle,  ejector,  e»c.  ,  peculiar  to  the  SST  engine,  must  also  be  considered 
in  any  method  for  predicting  material  cost  per  hour. 

Duty  Cycle  -  The  average  working  ifcvel  of  the  SST  engine  throughout  a 
typical  flight  is  higher  than  the  subsonic  turbine  engine  relative  to  the 
maximum  rating  of  each  engine.  Throughout  acceleration  and  cruise 
the  relative  thrust  level  is  higher  for  the  SST  engine  than  it  is  for  the 
subsonic  turbine  engine.  This  duty  cycle  factor  should  be  included  in 
am  method  of  estimating  direct  operating  costs. 
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Environmental  factors  -  The  acceleration,  cruise,  and  initial  descent 
regimes  will  subject  the  SST  en.sin  to  more  severe  environmental  factors 
than  the  subsonic  turbine  engine.  1  uese  effects  will  require  i,.-2  use  of 
more  exotic  materials  and  are  .nsidered  in  the  proposed  method  for 
estimating  engine  material  cost  per  hour. 

Spare  parts  price  factor  -  Engine  material  cost  per  hour  is  affected  by 
the  spare  parts  pricing  level  and  this  should  be  considered  in  any  eval¬ 
uation.  The  average  subsonic  engine  spare  parts  price  factor  is  includ¬ 
ed  in  the  proposed  method. 

Specific  thrust  -  This  is  considered  a  very  important  parajneter  s.  acause 
the  overiill  effects  of  turbine  inlet  temperature,  compression  ratio,  and 
component  efficiency,  indeed,  the  whole  basis  for  the  performance  level 
achieved  by  any  engine,  is  substantially  represented  by  this  parameter. 


Gas  generator  airflow  -  This  parameter  is  a  measure  of  engine  size 
and  can  be  considered  a  measure  of  engine  maintenance  material  cost 
under  conditions  of  comparable  design  and  development  support. 

By-pass  ratio  -  This  factor  has  a  significant  efiect  on  specific  thrust 
but  a  relatively  >  inor  effect  on  material  cost.  In  order  to  achieve  a 
proper  measure  of  material  cost, specific  thrust  should  be  biased  with 
by-pass  ratio. 
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Figure  16-9  provides  a  basic  cost  per  flight  hour  for  any  gas  generator 
airflow.  This  curve  is  based  on  a  given  level  of  unaugmented  specific 
thrust  and  will  be  fairly  close  for  any  other  level  of  specific  thrust.  Re¬ 
gardless  of  specific  thrust  level,  the  airflow  to  use  is  that  for  the  unaug¬ 
mented  take-off  rating  of  the  engine. 


E  -Ihx 


=  %  . 


Figure  16-10  provides  cost  ratio  values  for  all  by-pass  ratios.  The 
'initial  ratio  at  very  low  by-pass  ratio  values  is  quite  high  but  the  slope 
as  by-pass  ratio  increases  is  low.  This  is  felt  to  be  tae  true  variation 
abo’'e  1.  0  by-pass  ratio.  A  new  engine  with  a  by-pass  ratio  less  than 
I.  0  is  a  remote  possibility  for  any  aircraft  application  at  thistime. 


Figure  16-11  designates  a  thrust  divided  by  gas  generator  airflow  value 
for  any  by-pass  ratio  at  the  current  level  of  technology.  This  is  the 
denominator  of  the  specific  thrust  ratio  abcissa  value  Figure  16-12. 

Figure  16-12  provides  a  cost  ratio  for  any  specific  thrust  ratio.  The 
numerator  of  the  specific  thrust  ratio  is  defined  by  the  characteristics 
of  the  engine  for  which  a  materials  cost  estimate  is  desired.  The  data- 
points  on  this  curve  represent  essentially  ■all  of?the  turbine  engine  data 
reported  to  the  CAB  by  domestic  airlines.  The  line inFigure  l6-12.re- 
presents  the  material  cost  per  hour  performance  of  the  current  commer-  ? 
trial  turbine  engines  which. have  established  record.;  reflecting  proper 
development  levels.  Any  new  engine  program  should  be  targeted  to  ob¬ 
tain  material  costs  that  result  from  similar  comprehensive  development 
programs.  ^ 

Figure  16-9  through  16-12  are  used  to  obtain  subsonic  quick  engine 
change  materials  costs.  When  calculating  supersonic  engine  costs,  it 
is  suggested  that  the  materials  costs  be  reduced  to  the  bare  engine  value 
by  dividing  by  a  factor  of  1. 7,  prior  to  applying  the  corrections  from 
Figures  16-14  and  16-15.  : 


Figure  16-14  provides  a  percentage  increment  to  be  added  for  the  super¬ 
sonic  engine  reflecting  the  materials  costs  attributed  to  duty  cycle  and 
cruise  environment  effects. 


-Figure  16-15  was  developed  to  show  the  estimated  material  cost  attributed 
to  the  additional  hardware  included  on  the  supersonic  engine'.for  a  1.  -3 
by-pass  ratio  turbofan.  .  ;  -  .  '  -  > 
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HISTORY  OF  POWERPLANT  CONTRIBUTION  TO  AIRCRAFT 
DIRECT  OPERATING  COST  AND  AIRCRAFT  CAPACITY 

Figure  16- I 
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HISTORY  OF  POWERPLANT  CONTRIBUTION  TO  AIRCRAFT 
DIRECT  OPERATING  COST 


Figure  16-2 
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ESTIMATED  RELATIVE  PRICE  OF  SST  STUDY  ENGINES 


Figtire  16-3 
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ESTIMATED  EFFECT  OF  DESIGN  CRUISE  MACH  NUMBER 
ON  ENGINE  UNIT  PRICE  AND  TOTAL  DEVELOPMENT  GOST 


Figure  16-5 
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QUICK  ENGINE  CHANGE  (LESS  NACELLE  STRUCTURE) 
UNIT  LABOR  MAN  HOURS  PER  FLIGHT  HOUR  - 
TURBOJETS  AND  TURBOFANS 


Figure  16-6 
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ESTIMATION  OF  AIRCRAFT  QUICK  ENGINE  CHANGE  UNIT 
_ _ MAINTENANCE  LABOR  MAN  HOURS _ ~ 

(Kj_e  in  ATA  Standard  Method  of  Estimating  Comparative 
Direct  Operating  Costs  of  Transport  AirpNr*  s) 


(1)  Data  Requirements 

a.  Sea  Level  static  non-augmented  take-off  thrust  -  lbs 

b.  Estimated  Time  Between  Overhaul  (YBO)  -  Hrs 

(2)  Estimation  Procedure 

a.  Enter  Figure  16-6  at  take-off  thrust,  proceed  to  TBO  and 
read  Man  Hours  /Flight  Hour. 

b.  As  an  alternate  method,  use  the  following  equations; 

*  .  For  take-off  thrust  values  less  than  9500  lbs 

KLe  =  (-707  +  3200  )Sine  (.  1428  T  ) 

TBO  1000 

2.  For  take-off  thrust  values  equal  to  or  greater  than  9500  lbs 


K,  =  .  3 7  +  .0206  T 

1 U00 


+  3200 

TBO 


(3)  Supersonic  Engines 


a.  To  estimate  labor  requirements  for  a  supersonic  bare  engine 

plus  variable  nozzle,  augmenter,  ejector  and  reverser,  multiply 
the  results  of  the  above  calculation  bv  .85. 
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QUICK  ENGINE  CHANGE  (LESS  NACELLE  STRUCTURE) 
UNIT  MATERIAL  COST  PER  HOUR  VS.  GAS  GENERATOR 
TAKE-OFF  AIRFLOW  . 

Figure  16-9 
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MATERIAL  COST  RATIO  VS.  BYPASS  RATIO 


Figure  16-10 
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REFERENCE  SPECIFIC  THRUST  VS,  BYPASS  RATIO 

l-  j  gure  li>-J  i 


MATERIAL  COST  RATIO  V&  SPECIFIC  THRUST  RATIO 


Figure  16-12 
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ESTIMATION  OF  AIRCRAFT  QUICK  ENGINE  CHANGE  UNIT 
_ MA  f  EULA1.  COSTS  PER  FLIGHT  HOUR 

For  ;%  non-,u.t;n'<t  tiled  fixed  convorct  nt  nozzle  turbine  eticine 


fi)  Fni:iur  data  required  -  St  a  tev.el  si—  **<-  taFe-otf 
.1.  ’Hii'o&t  (pound-.)  -  Kn. 

b.  Airfloa.  {pi*ui:(l--/s<  i  . )  -  W.i . 

e.  p,,-c.~  ratio  -  BPR 

I -)  C,ilc.ii.i!e- 

a.  Gci»  ten.  r->l  <r  .urtl  * -  iirtiii; 

-  iv.,/iui>r  *  i) 

h.  (F'./W-a^)  i  o. 

(3)  Kntiiit  tSton  »r  »«  cdur«- 

t.  -F.i/.it  Iic»ir«-  It-'*  at  ■s',l  re  «<!  S/Hr.  :  ■  RPR  .  0. 

0.  Enter  1  i^ur<  Sb-l(.u:  BPR  .ti:d  read  (5/Hr .  t  ref,  !  (S/tlr  .  ) 

Br  i  •  0  (LNe  vain.  of  i  ter  RPR  -  M). 

c.  Enter  Figure  i  6- 1 1  ..t  BPR  and  read  (Fn/ W.tjjg)  reference?. 

<1.  Calca'at-  (Fn/Waag)  1.0  (Step  do)  d.vtdetl  !i.  ( F *.V.-igg)  rtf. 

«.  r./it'-r  !  .j  i(>- S  i  at  (Fn/V.a.j)  :  .O  /{ Fn/Wa^c)  ret.  and  read 
($Hr .  Jt  <$/Hr. )  ret. 

ESITMA  ££U  Q.E.C.  MA  lEKL-U—S  COST  PER  H^-UE 
S/Hr  =  [(S/Hr. )  BPR  -  »»1  x  [($/Hr.)  r.  t./(S?Hr.)  BPR  -  o]  x[(S/Hr.)  /(S/Hf.)  ref.] 
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Figure  16-13 
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CRUISE  MACH  NUMBER 


SST  CRUISE  ENVIRONMENT  &•  DUTY  CYCLE  MATERIAL 
COST  VS.  CRUISE  MACH  NUMBER 


^  igure  J 6-  1  -1 
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:  SST  ENGINE  MAINTENANCE  MATERIAL  COST  INCREMENT  - 

FOR  VARIABLE  NOZZLE,  AUGMENTER ,  EJECTOR  AND  REVERSER 


Figure  16^15 
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estimation  of  engine  material  costs  pet  flight  hour 


Fur  an  augmented,  variable  nozzle  supersonic  turbine  engine 


(1)  Data  Requirements 

a.  Cruise  Mach  number  is  required  in  addition  to  the  requirements 
shown  on  Figure  16-13. 

(2)  Eoiimation  Procedure 

a.  Use  Figure  16-13  to  calculate  ESTIMATED  Q.E.C.  MATERIALS 
COST  PER  HOUR.  Note  -  use  non-augmentod  take-off  thrust. 

b.  Enter  Figure  16-14  at  Cruise  Mach  Number  and  read  %  increase 
in  Engine  Materials  Cost  Per  Hour. 

c.  Enter  Figure  16-15  at  Wagg  and  read  S/Hr.  Maintenance 
Material  Cost  for  nozzle,  augmenter,  and  ejector. 

ESTIMATED  ENGINE  MATERIALS  COST  PER  HOUR 
$/Hr.  =  j  (Estimated  Q.E  C.  Materials  Cost  Per  Hour/ 1.7) 

*Irom  Figure  16-13 

x  [l  +  {%  Increase  in  Engine  Materials  Cost/100)]l 
**From  Figure- 16- 14 

+  ($/Hr.  for  Nozzle,  Augmenter  and  Ejector) 

Figure  16-15 
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UNINSTALLED  PERFORMANCE  COMPARISON 
OF  ENGINES  STUDIED  DURING 
PHASE  II -A  EVALUATION 


ST J 222 

STJZ2? 

STJ221 

STF219 

Take -Of!  Maximum  Thrust 

51900 

61000 

63000 

52500 

Nominal  Airflow  Stare 

450 

690 

600 

600 

Transonic  Acceleration,  Math  1.2. 

45000  Tee  t 

Thrust 

13300 

24  600 

19600 

18200 

Spec;  'c  f  uel  (*«n>ur.iptson 

1.36 

1.76 

1. 25 

1.84. 

Supersonic  Cruise.  Mach  2.7  at 

65000  i  ect,  7 hr  ust/Transonx  Thrust  ' 
0.  62 

Specific  hue!  Consumption 

1.44 

1.45 

1.46 

1.62 

Sc  persona  Cruise,  Math  5.0  at 

75000  Feet*  Thrust/7  ransonu  Thrunt  - 
0.  5? 

Specific  Fuel  Consumption 

1. 76 

!.  56* 

1. 53* 

1.70 

Subsonic  Part  Throttle,  Mach  0.7  at 
36150  l  eet.  Thrust/ Transoms  Ihrust  - 
0.42 

Spec  if  ji  Fuel  Consumption 

I.  10 

1.  00 

•1.09 

0.92 

Subsonic  Part  Throt?-**,  \'.*ch  0.6  at 

1  500U  5- eel,  ThruM/Transomc  Thrust  ■* 

0.  42 

Specific  hue!  Consumption 

1.22 

1.24 

1.  30 

0.93 

♦At  Max  Rating 


Figure  16-17 
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ITEM  17  -  SUPPORTING  DESIGN  CONSIDERATIONS 


OBJECTIVE 


This  item  of  the  contract  required  Pratt  &. 
Whitney  Aircraft  to  consider  arid  report  on 
the  following  factors  in  the  work  performed 
under  this  contract,  and  to  recommend 
any  improvements  to  be  adopted  in  Phase 
II-B  and  Phase  III  in  the  following  factors: 
reliability,  configuration  management, 
weight  and  center  of  gravity  control,  value 
engineering,  maintainability,  and  safety* 


A.  RELIABILITY 


1.  INTRODUCTION 


During  the  Phase  II-A  period  of  the  SST  engine  program,  various 
studies  and  analyses  were  made  to  assure  that  the  inherent  reliability 
capability  of  the  design  was  optimized  for  the  SST  engine. 

The  Design  Reliability  Group  conducted  a  comparative  reliability 
analysis  for  the  various  engine  configurations  te  assess  the  relative 
reliability  capability  of  the  engine  cycles  under  consideration. 

A  failure  mode  analysis  of  the  basic  engine  structure  coupled  with  a 
design  reliability  review  was  carried  out.  This  permitted  a  critical 
analysis  and  review  of  the  detailed  design  to  assure  that  all  possible 
failure  modes  were  considered  in  the  design  and  that  the  design  phil¬ 
osophy  adopted  would  be  adequate  in  providing  a  reliable  powerplant. 

Design  features  of  the  STF219  were  compared  with  current-  commer¬ 
cial  engines.  The  improved  reliability  design  features  were  listed 
based  on  their  expected. performance  in  relation  to  experience  with 
previous  designs.  These  reliability  design  features  are  discussed 
in, paragraph  5. 

The  following  sections  give  a  detailed  report  of  the  continued  rel. 
bility  analysis  effort  for  the  SST  program  under  Phase  II-A. 
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2.  COMPARATIVE  RELIABILITY  ANALYSIS 

A  study  of  the  comparative  reliability  was  made  for  three  SST  engine, 
cycles,  namely,  a  duct  heating  turbofan,  a  nonaugmented  turbojet; . 
and  a  fully  augmented  turbojet.  In  assessing  the  inherent  reliability 
capability  of  each  engine  cycle  the  following  definition  of  failure  wa4:, 
used:  any  malfunction  or  discrepancy,  chargeable  to  the  engine, ,  that 
would  result  in  the  premature  removal  of  the  engine  from  an  aircraft. 
Reliability  assessment  based  on  this  definition- of  failure  is  an  indica¬ 
tion  of  the  engine  availability  for.  service  operation  and  relative 
maintenance  requirements,  A  reliability  assessment  based  on  in¬ 
flight  shutdowns  chargeable  to  the  engine  was  also  conducted^ 

Commercial  turbine  engine  failure  data  were  utilized  in  weighing  the 
effect  of  the  various  engine" 'components  in  determining  an  overall 
reliability  assessment  for  each  cycle.  The  factors  influencing  this 
assessment  were  the  mechanical  complexity,  operating  conditions 
(temperatures,  pressures,  rotor  speeds,  etc. )  and  relationship  of 
the  design  to  the  state-of-the-art. 

It  is  expected  that  the  nonaugmented  turbojet  would  demonstrate  the 
lowest  failure  rate  in  commercial  SST  service  operation.  The  duct 
heating  turbofan  and  the  fully  augmented  turbojet  should  exhibit  a 
failure  rate  higher  than  the  nonaugmented  turbojet,  with  the  augmented 
turbojet  showing  the  highest  failure  rate.  The  factors  which  account 
foT  the  differences  ir.  the  expected  reliability  are:  number  of  main 
bearings  and  seals;  number  of  compressor  and  turbine  stages;  exist¬ 
ence  of  an  inlet  case;  complexity  of  combustion  system  -  number  of 
nozzles,  etc,);  complexity  of  control,  fuel  and  oil  systems;  require¬ 
ment  for  augmentation,  and  the  temperature  of  available  cooling  air 
for  duct  heater  or  afterburner. 

3.  FAILURE  MODE  ANALYSIS  AND  DESIGN  REVIEW 
a.  Failure  Mode  Analysis 

A  detailed  failure  mode  analysis  has  been  accomplished  for  the  basic 
engine  structure.  Included  in  the  process  has  been  the  listing  of  the 
predominant  failure  modes,  their  causes  and  consequences,  and  the 
design  philosophy  adopted  to  preclude  such  occurrences.  Extensive 
use  was  made  of  service  records  that  have  been  accumulated  from 
commercial  and  military  aircraft  engine  experience.  This  includes 
service  experience  on  engines  in  aircraft  with  supersonic  capability. 


PAGE  wo.  1 7-2 


CONFIDENTIAL. 


8«*  *• 


■**  «<•»»» 


fa  «  . 

-  -  -------  - —  — — 


CONFIDENTIAL 


PRATT  *  WHITNEY  AIRCRAFT 


PWAi-2397 


Failure  mode  analyses  contribute  to  the  overall  design  process  in 
that  possible  problem  areas  are  considered  and  eliminated  from  the 
design  before  these  problems  are  exhibited  during  the  development 
or  operational  phases  of  the  engine.  A  typical  worksheet  used  in  the 
failure  mode  analysis  is  illustrated  in  Figure  17-1. 

b.  Design  Review 

Special  attention  has  been  given  to  those  areas  in  the  engine  where 
problems  have  existed  in  previous  engine  designs  or  where  problems 
are  anticipated  in  the  SST  powerplant.  The  design  reliability  reviews 
of  the  detailed  component  layouts  have  been  focused  particularly  on 
these  areas.  These  reviews  were  made  to  provide  assurance  that 
adequate  preventive  measures  have  been  taken  and  that  the- latest 
Pratt  &  Whitney  Aircraft  design  philosophy  has  been  adopted.  The 
designers  were  helped  in  accomplishing  this  task  by  maintaining  and- 
utilizing  in  the  design  effort  up-to-date  copies  of  the  Design  and 
Drafting  Room  Manuals.  These  manuals  contain  Pratt  h  Whitney 
Aircraft  standard  design  practices  which  reflect  the  latest  state-of- 
the-art  design  philosophy  for  reliable  gas  turbine  engine  design. 
Additionally,  standard  parts  of  previously  demonstrated  reliability 
have  been  utilized  whenever  their  use  was  feasible  for  inclusion  into 
the  design. 

4.  3TF219  ESTIMATED  FLIGHT  RELIABILITY 

A  study  was  conducted  to  estimate  the  mean  time  between  in-flight 
shutdowns  (MTBIFS)  for  the  STF219  duct  heating  turbofan  engine.  .Yn 
in-flight  shutdown  is  defined  as  any  malfunction  or  discrepancy  charge¬ 
able  to  the  engine  which  causes  or  generates  a  decision  to  shut  down 
the  engine  while  in  flight  (i.  e.  ,  from  the  moment  a  take-off  roll  begins 
until  the  landing  roll  begins).  It  should  be  noted  that  this  definition 
would  exclude  failures  of  ancilla.  /  eq  uipment  not  part  of  the  engine 
as  defined  by  the  model  specification,  maintenance  errors,  false  fire 
warnings,  bird  strikes,  and  other  incidents  which  would  not  be  directly 
chargeable  to  the  engine. 

The  MTBIFS  for  the  STF2  19  engine  is  estimated  to  be  10,  000  hours. 
This  is  estimated  for  a  mature  engine  installation  that  will  result  from 
an  accumulation  of  operating  experience  and  the  incorporation  of  modi¬ 
fications  to  eliminate  any  initial  problems  that  may  develop. 
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This  reliability  prediction  is  based  on  extensive  service-records  from 
commercial  and  military  operations.  Each  major  section  of  the  engine 
was  analyzed  using  actual  shutdown  rates  experienced  in  current 
engines  -  ".justed  by  correction  factors  accounting  for  the  advanced 
design  features,  degree  of  complexity,  and  operational  environment 
of  the  SST  engine.  The  failure  mode  analysis  work  described  in 
Part  3,  above  was  utilized  in  this  assessment. 


5.  ENGINE  RELIABILITY  FEATURES 

In  improving  the  inherent  reliability  capability  of  the  SST  engine  com¬ 
ponents,  each  major  section  was  analyzed  and  compared  in  detail 
with  the  in-flight  shutdown  and  premature  removal  experience  with 
current  engines.  The  analysis  took  into  account  the  more  severe 
operating  conditions  of  the  SST  powerplant,  such  as  the  increased 
engine  inlet  temperature  at  high  Mach  numbers  and  the  increased 
turbine  inlet  temperature. 

Many  design  features  have  been  incorporated  to  enhance  the  reliability 
of  the  STF2  19  engine.  The  following  is  a  breakdown  of  the  engine  into 
its  major  components.  Under  each  section  is  listed  some  of  the  out¬ 
standing  reliability  features  and  improvements  over  current  engines. 

a.  Fan  and  Compressor  Section 


o 


Basically,  the  fan  and  compressor  is  a  less  complicated  structure 
with  fewer  stages  than  the  JT3D.  It  consists  of  a  two-stage  overhung 
fan  and  a  five-stage  high  pressure  compressor.  The  overhung  fan 
does  not  require  inlet  case  struts  with  their  anti-icing  requirements 
and  potential  cracking  problems.  Fan  and  compressor  blades  are 
retained  in  their  disks  by  either  clamping  plates  or  shear  pins  instead 
of  sheet-metal  tablocks.  Vibration  damping  devices,  extended  blade 
roots  with  external  centrifugal  dampers,  are  used  in  the  first  and  last 
stages  of  the  high  pressure  compressor  to  reduce  the  effect  of  blade 
excitation  caused  by  the  struts  upstream  and  downstream,  resps^ctively, 
from  these  stages.  Abradable  shrouds  over  the  blade  tips  reduce  the 
heat  generation  in  the  event  of  a  radial  rub  during  some  abnormal  op¬ 
erating  condition.  The  high  compressor  stators  are  mechanically 
attached  to  the  inner  and  outer  shrouds.  This  is  an  improvement 
over  the  contour- rolled  strip  stock  vanes  used  in  current  engines 
which  are  brazed  to  the  inner  and  outer  shrouds  resulting  in  stress  con¬ 
centrations  at  the  braze  locations  in  the  vane  root  and  tip. 
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An  aerodynamic  brake  ;s  provided  behind  the  secdnd-stage  fan  rotor,. 
Braking  is  accomplished  with  a  variable  stator  that  rotates  to  a  closed 
position  restricting  the  airflow  through’ the  engine.  Thus,  in'  the  event 
that  the  engine  has  10  be  shut  down  in  flight,,  the  windmilling  speed  is- 
reduced  to  a  level  comparable  to  that  experienced  in  present  commer¬ 
cial  subsonic  aircraft.  „  .  ' 

Past  engine  experience  indicates  that  vibratory  and  cyclic  cracking  in 
and  around  points  of  load  introduction  and  discontinuities  are  the  most 
frequent  problems  in  main  structures.  All  the  accumulated  experi¬ 
ence  from  such  problems  on  preceding  engine  designs  has  been 
utilized  in  the  design  of  the  intermediate  case  as  well  as  the  other 
main  static  structures.  Areas  of  stress  concentration  have  been 
minimized  based  on  advanced  design  philosophy  and  features  known 
to  be  effective  in  alleviating  trouble  areas  in  past  engines.  Extensive 
use  of  butt  welded  construction  throughout  the  entire  intermediate 
case  reduces  stress  concentration.  Oil  from  the  bearing  compart¬ 
ment  which  drains  through  the  fan-case  strut  is  contained  within  a 
tube  and  does  not  come  in  contact  with  the  inner  surface  of  the  strut. 
Thus  any  crack  which  may  develop  in  the  strut  will  not  effect  the  oil 
system.  The  bearing  compartment  is  isolated  from  the  high  pressure 
fan  air. 

b.  Diffuser  and  Combustion  Section 

The  diffuser  case  is  also  fabricated  by  means  of  butt  welded  construc¬ 
tion.  Reduced  stress  concentration  at  attachments  of  through-tubes 
and  struts  and  the  transfer  of  che  tower  shaft  in  the  cooler  front  sec¬ 
tion  of  the  engine  will  increase  the  reliability  of  this  case.  Oil  tubes 
passing  through  the  diffuser  case  str  its  isolate  the  oil  systerr>?from 
the  inner  surface  of  the  struts.  As  in  the  tan  case,  the  oil  or  the 
breather  system  is  not  seriously  affected  by  high  pressure  and  tem-, 
perature  air  leakage  through  a  strut  crack. 

The  combustor  incorporates  an  improved  annular  design,  as  differ¬ 
entiated  from  the  can  type.  The  annular  combustor  provides  a  more 
uniform  temperature  profile  of  the  gases  entering  the  turbine  nozzle 
vanes.  Also,  improved  methods  of  mixing  the  fuel  and  air  results  in 
a  shorter  combustion  chamber  length  and  shorter  unsupported  cooled 
combustion  system  wails.  Reduced  circumferential  temperature 
gradients,  fewer  hotspots,  and  a  single  annular  system,  all  confri-  : 
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bute  to  a  reduced  incidence,  or  low  cycle  fatigue  cracking,.  JfUedilceli- 
hoodof  pieces  breaking  out  to  cause -turbine  damage  is  considerably 
reduced/  The  design  requires  t'ev.ar  fuel  nozzles  than  the  can  .type,/  ^ 
inherently  decreasing  the  probability ’oXclogging  and- faulty  spray 
patterns.  The  fuel  manifolds  are  external  to  the  main  gas  str.ea.di.and 
thus  are  subjected  to  a  lower  temperature  environment.  -•  * 


c.  Turbine  Section  \  ' -' 

The  turbine  section  is  expected  to  present  the  greatest  challenge  to  . ., 7. 
reliability  in  relation  to  current  subr  ic  engines.  This  is  primarily 
the.  result  of  the  increased  level  of  -  bine  inlet  temperature  for  the-;.:,. 
SST  engine,  necessitating  the  uv.<-  of  jo  led  blades  and  vanes.  However, 
advanced  concepts  of  biac.e  and  vane  cooling,  taking  £ti  ll  advantage  of  ; 
improved  materials  and  past  experience  with  oxidation  preventative 
coatings,  are  being  tested  in  hut  rigs  tr  develop  a  reliable  configuration. 


The  turbine  consists  of  three  stages.  One*  high-pressure  and  two  low- 
pressure  stages.  This  is  one  less  stage  than  is  currently*  used  on 
the  JT3D,  The  first  two  turbine  stages  utilize  to  tor  blades  with  ex¬ 
tended  roots  and  external  root  dampers,  thus  eliminating  the  need  for 
tip  shrouds  on  these  stages.  Turbine  shroud  wear  has  been  a  parties 
ular  problem  in  the  past  and  the  elimination  of  thesg  shrouds  from  the 
first  two  turbine  stages  with  their  high  operating  temperatures  should 
improve  turbine  reliability. 

The  more  uniform  temperature  pattern  provided  by  the  annular  burner, 
together  with  positive  vane  retention,  should  result  in  improved,  turbine 
nozzle  vane  reliability.  Radial  seals  on  the  turbine  blade  platforms 
ana  provisions  lor  between- platform  sealing  prevent  the  impingement 
of  the  hot  main  stream  gases  <>n  the  turbine-  disks.  =  » 

d.  Main  Bearings  and  Seals 


Particular  design  emphasis  has  been  directed  toward  improving  the 
environmental  conditions  in  the  main  bearing  compartments.  The 
following  *re  ome  of  the  STF219  design  features  which  contribute 
to  improve  d  liability.  Only  four  main  bearings  are  required  in¬ 
stead  of  the  six  main  shaft  and  two  intershaft  bearings  used  in  the 
JT3D.  The  shorter  combustion  chamber  length  required  with  an 
annular  combustor  together  with  an  overhung  fan  make  it  possible  to 
support  each  rotor  with  only  two  bearings.  No  intershaft  bearings 
arc-  needed.  The  two  main  thrust  bearings  are  located  in  the  relatively 
cool  section  of  rt>e  engine,.  The  use  of  single  rather  than  duplex  thrust 
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bearings  eliminates  the  potential  problem  of  skidding  of  the  bearing  ~ 
which  could  be  caused  by  unequal,  thrust  load,  distribution  between  the 
two  bearings  of  the  duplex  set  at  certain  operating  conditions.  All 
the  main  shaft  bearings  are  cooled  by  oil  under  the  races.  Fa$e  sdaij 
plates  are  also  oil  cooled.  All  of  these  features  contribute  to  longer 
bearing  and  seal  life. 

Carbon  face  seals  with  back-up  laby.inth  seals  are  used  in  ail  bearing 
compartments.  A  pressurised  and  vented  labyi*inth  seal  system  in  the 
No.  3  and  No.  4  bearing  compartments  isolates  the  bearing  compart¬ 
ments  from  their  relatively  high-temperature  and' higl.-pressure 
environment.  It  is  accomplished  by  introducing  comparatively  low- 
temperature  and  low-pressure  fan  exit  air  into  a  jacket  surrounding 
the  bearing  compartment.  The  lower  temperature  and  pressure  not 
only  benefit  the  bearings  and  seals,  but  also  the  overall  oil  system 
since  the  average  temperature  and  amount  of  air  leakage  into  the  oil 
svstem  will  be  reduced.  As  a  result,  the  amount  of  heat  rejection  by 
the  oil  system  will  be  reduced,  and  oil  coking  pioblcms  will  be 
minimized. 

e.  Fan  Duct  Section 

The  STF219  utilizes  a  duct  heater  for  augmentation.  Thus  it  is  possi¬ 
ble  to  cool  the  duct  liners  with  relatively  cool  fan  discharge  air.  A 
shield  between  the  duct  outer  liner  and  the  rear  mount  ring  has  been 
provided  to  protect  the  rear  mount  ring  in  the  event  of  liner  over- 
temperature  during  augmentation.  Additional'y ,  the  shield  provides 
for  turbine  blade  containment.  Vibration  damping  provisions  have 
been  incorporated  on  the  aft  outer  liner  to  prevent  excessive  liner 
vibration  and  thus  reduce  the  probability  of  fatigue  cracking. 

f .  Ejector- Reverser  System 

The  ejector- reverser  syutem  is  designed  so  that  the  blow-in  doors 
are  positively  opened,  creating  the  reverse  exhaust  path  as  the  rever¬ 
ser  flaps  arc-  actuated  from  the  stowed  to  the  reverse  position.  A 
lock  is  provided  in  the  actuator  to  assure  that  the  reverser  flaps 
remain  in  the  stowed  position  during  normal  operation  of  the  engine. 
The  twelve  reverser  flaps  are  positioned  by  sepaiate  actuators.  Thus 
if  one  of  the  actuators  or  linkages  should  fail,  the  reverser  capability 
is  not  critically  influenced.  Pressure  loading  on  the  reverser  flaps 
causes  return  to  the  stowed  position  in  *he  event  of  system  failure.  * 


* 


A  more  detailed  reliability  analysis  is  presented  in  a  letter  from 
D.  J.  Jordan  to  C-.  M.  Bain,  dated  14  February  1964, 
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The  blow-in  doors  and  tail  flaps  have  been  designed  so  that  they  are 
self  actuating  except  in  the  case  of  revers er  operation  of  the  blow-in 
doors.  The  optimum  operating  position  is  maintained  by  the  pressure 
balance  of  the  gases  on  the  blow»in  doors  and  tail  flaps. 


B.  CONFIGURATION  MANAGEMENT 
1.  OBJECTIVE 

The  objective  in  the  area  of  configuration  control  during  iht  SST  Phase 
II-.*!  program  was  to  provide  engine  configurations  based  on  the  various 
engine  cycles  being  studied,  submit  preliminary  installation  drawings 
for  these  engines ,  and  maintain  close  coordination  with  the  two  airframe 
contractors  to  provide  optimum  airframe  and  engine  installation  com¬ 
patibility. 


2.  DISCUSSION 
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The  major  areas  requiring  resolution  were  those  of  providing  suitable 
engine  mounting  arrangements,  engine  accessory  arrangements,  pro¬ 
visions  for  driving  airframe  accessories,  secondary  cooling  airflow- 
systems,  blow- in-door  ejector  exhaust  system  configurations  to  satis¬ 
fy  airframe  nacelle  contour  lines,  and  thrust  reverser  configurations 
to  meet  the  airframe  targeting  requirements. 

A  system  of  SST  coordination  sheets  was  established  and  rnonitorr.'J 
by  Pratt  &  Whitney  Aircrart's  Installation  Engineering  Department  to 
transmit  data  to  and  from  the  airframe  contractors.  Telephone  and 
telegraph  communications  were  used  Irequenliy  to  maintain  liaison 
and  transmit  information.  These  communications  were  again  monitored 
by  Installation  Engineering.  Frequent  meetings  were  held  between 
Pratt  &  Whitney  Aircraft  and  the  airframe  contractors'  engineering 
personnel  to  discuss  and  resolve  problems.  These  meetings  were 
held  both  at  Pratt  £  Whitney  Aircraft  and  at  the  two  airframe  contrac¬ 
tors'  facilities . 

Preliminary  engine  installation  drawings  were  prepared  for  the  basic 
engine  cycles  that  have  been  studied.  These  installation  drawings 
were  subn  led  to  each  ol  the  two  airframe  contractors  for  considera¬ 
tion  early  in  the  program.  In  response  to  requests  from  Boeings 
information  was  supplied  to  define  permissible  preliminary  engine 
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contours  aq.  fit  their  conical  nacellt  concept,  these  lines  were  further 
modified  to  define  a  nacelle  envelopt  f_.r  fixed  deflection  of  the  engine 
exhaust  gases.  This  envelope  remained  fluid  as  engine  studies  pro¬ 
gressed,  until  October  when  final  definition  was  c  >ordinatrd  with 
Eoeing . 

Considerable  design  effort  was  required  m  the  area  of  engine  accessory 
arrangement  studies.  In  response  to  requests  from  both  airframe  con¬ 
tractors,  many  arrangements  of  top- mounted,  side-mounted,  and  bottom- 
mounted  engine  accessories  were  studied.  The  various  design  arrange¬ 
ments  were  submitted  to  the  airframe  contractors  for  their  considera¬ 
tion,  and  final  configurations  were  negotiated  for  each  airframe  install¬ 
ation  . 

At  the  request  of  both  airframe  contractors,  design  studies  were  in¬ 
itiated  to  provide  an  engine -driven  power  take-off  pad  for  driving  the 
remotely  mounted  airframe  accessories.  The  designs  have  been  co¬ 
ordinated  and  accepted  b}  both  contractors.  At  the  request  ol  Lockheed 
Aircralt,  an  engine -mounted  elbow  gearbox  and  flexible  shaft  decoupler 
are  being  provided  at.  the  power  take-off  pad. 

Extensive  coordination  and  design  effort  was  necessary  to  arrive  at  a 
suitable  engine  mounting  system  tor  each  airframe  installation.  Since 
the  airframe  contractors  have  different  nacelle  connpts,  the  engine 
mounting  arrangement  had  to  be  tailored  to  fit  each  installation.  A 
number  of  engine  mounting  arrangements  were  proposed  for  both  in¬ 
stallations,  and  acceptable  configurations  have  now  been  finalized. 

The  targeting  of  the  thrust  reverse r  exhaust  gases  required  major 
revisions  of  the  original  configurations. 

Coordination  with  both  airframe  contractors  was  necessary  to  estab¬ 
lish  thru-?  reversing  targeting  to  satisfy  their  respective  installation 
requirements.  Design  arrangements  were  submitted,  and  final  agree¬ 
ment  on  reversing  configurations  was  reached- 

The-  secondary  air  supply  for  ejector  cooling  is  handled  differently  for 
each  airframe  manufacturer.  The  Lockheed  airplane  furnishes  a  pres¬ 
surized  nacelle  for  conducting  the  air  rearward  between  the  engine  and 
the  nacelle.  In  the  Boeing  installation  the  nacelle  is  not  pressurized 
and  secondary  air  is  ducted  back  to  the  ejector.  In  both  installations, 
the  inlet  is  the  source  of  secondary  air. 
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C.  WEIGHT  AND  CONFIGURATION  CONTROL 
1.  WEIGHT  ANALYSIS 

The  STF219  is  an  advanced  twin-spool,  duct  burning  turbofan  engine. 
The  estimated  dry  weights  for  the  Boeing  and  Lockheed  engines  are 
tabulated  in  Figures  17-2and  17-3  including  a  sectional  weight 
breakdown.  Included  in  the  dry  engine  weight  is  the  following  standard 
equipment: 


a)  Gearbox  for  engine  accessories 

b)  Fuel  pumps  (engine  and  duct  heater) 

c)  Fuel  Controls  (engine  and  duct  heater) 

d)  Fuel  check  and  dump  valve 

e)  Ignition  system  without  power  source 

f)  Hydraulic  pump 

g)  Breather  pressurizing  valve 

h)  Exhaust  nozzle  control 

i)  Hydraulic  actuation  for  variable  area  nozzle 

j)  Oil  tank 

k)  Fuel-oil  coolers 


1)  Oil  pump  and  filter 

m)  Instrumentation 

n)  Blow-in-door  "jector- reverser 


o)  In-flight  aerodynamic  engine  brake 

p)  Fuel  boost  pump 

q)  Fuel  filter 
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r)  Engine  mounting  system  capable  of  supporting  engine 
and  exhaust  system. 

Weight  of  additional  equipment  and  installation  features  requested 
by  the  airframe  manufacturers  is  tabulated  in  Figures  17-2  and 
17-3. 


The  weight  of  the  STF219  was  established  at  an  airflow  of  600  pounds 
per  second  and  scaled  to  the  sizes  required  by  Boeing  and  Lockheed. 
The  weight  of  the  basic  engine  was  established  by  calculating  the 
weight  of  parts  from  preliminary  layouts.  Detailed  design  informa¬ 
tion  was  available  on  ail  airfoils  and  rotating  parts.  The  static 
structure  was  analyzed  and' proper  thicknesses  incorporated  into  the 
engine  weight  analysis.  A  preliminary  Bill  of  Material  was  established 
to  assure  that  all  parts  were  accounted  for. 


Having  established  the  basic  weight  of  the  STF219  at  an  airflow  of  60C 
pounds  per  second,  the  engine  weight  was  then  s.aled  to  the  required 
airflow  sizes  by  scaling  each  major  component.  Scale  factors  for 
each  section  were  based  on  a  thorough  study  of  the  necessary  changes 
in  blade  chords  for  the  compressor  and  turbine,  burner  geometry, 
duct-heater  geometry,  and  blow -in -door  ejector-  reverser  sizes. 
Materials  were  also  optimized  for  cruise  Mach  number  req>  ■'emgnts 
oi  each  airframe-:  The  engine  mounting  system  was  tailored  to  meet 
the  requirements  established  by  both  Boeing  and  Lockheed. 


2.  I  1CHT WEIGHT  DESIGN  FEATURES 

Since  the  requirement  for  a  lightweight  propulsion  system  is  important 
in  the  SST  program,  emphasis  was  placed  on  optimization  and  incor¬ 
poration  of  all  lij.  hfveight  features  without  compromising  performance, 
life  or  •  Lability  obiee'ivcs.  The  lightweight  features  incorporated 
represent  a  significant  advancement  over  current  conunerical  turbofan 
design  philosophy  and  significantly  increase  the  thrust-to-weight  ratio. 
Figure  17-4  illustrates  the  impact  o!  advanced  design  concepts  on  the 
thrust- tc- weight  r  dios  for  supersonic  engines.  All  engines  shown 
have  been  adjusted  to  the  same  turbine  inlet  temperature,  pressure 
rat  >,  airflow  and  equipment  for  purposes  of  comparison.  The  ability 
to  obtain  thrust-to-weight  ratios  in  tl.is  higher  range  for  the  STF219 
design  is  already  substantiated  in  part  by  the  STF200  demonstrator 
engine  currently  operating  at  Pratt  &  Whitney  Aircraft.  Also,  the 
feasibility  of  the  lightweight  features  of  the  STF219  gas  generator  has 
been  demonstrated  by  the  STF200  engine. 
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The  advanced  lightweight  features  incorporated  into  the  STF219  are  as- 
follows: 


1) 


t 


The  compressor  inlet  case  support  was. eliminated  by  canti- 
levering  the  fan  tutor.  The  elimination  df  the  compresao 
inlet  case  also  eliminated  the  inlet  guide  vanes,  the  front 
bearing,  the  bearing  support  structure  and  the  inlet  guide 
vane  anti-icing  system. 

The  fan  rotor  utilizes  high  aspect  ratio  blading  and  an  in¬ 
creased  stage  pressure  ratio,  thereby  permitting  thinner 
disks  and  fewer  stages. 

The  high-pressure  compressor  rotor  employs  several 
lightweight  features  not  incorporated  in  current  turbo  fan 
engines.  The  blade  aspect  ratios  have  been  increased, 
thus  permitting  thinner  disks.  The  stage  loading  has  been 
increased,  thus  allowing  fewer  stages.  Also,  dual  spacer 
rotor  c  nstruction  is  used. 


4)  A  high  heat- release- rate  annular  combustion  chamber  re¬ 
places  the  conventional  can  combustion  chambers  resulting 
in  a  significant  savings  in  length,  diameter  and  weight. 

The  diffuser-burner  section  was  further  lightened  by  using 
the  burner  liner  to  a.d  the  diffusion  process  and  reduce  the 
length  required  for  diffusion. 

5)  The  turbine  rotor  employs  high  aspect  ratio  blading  in  the 
turbine  section.  This  results  in  thinner  disk  sections. 

6)  The  combination  of  the  short  annular  combustion  chamber, 
the  high  stage  loading  and  the  high  aspect  ratio  blading  of 
the  high-pressure  compressor  rotor  reduces  the  gas  genera¬ 
tor  ’ength  permitting  the  use  of  two  bearings  per  rotor. 

This  reduces  the  number  of  bearings  used  in  present  day 
turbofans  from  six  fixed  bearings  plus  an  intershaft  bearing 
to  four  fixed  bearings  with  no  intershaft  bearing.  The  elim¬ 
ination  of  bearing  s.  bearing  supports,  and  lubrication 
system  components  results  in  weight  savings. 


7)  A  cascade  type  diffuser  in  the  fan  duct  reduces  the  overall 
engine  length  and  weight. 
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8)  The  due?  heater  variable-area  nozzle  was  integrated  with 
the  ejector  structure,  thereby  eliminating  parts  previously 
required.  The  nozzle  flaps  are  reduced  in  length  and  the 
system  is  changed  from  a  floating  hinge  design  to  a  fixed 
binge  design.  The  shorter  flaps  require  less  actuation 
load  and  stroke,  thus  saving  weight  in  the  actuators. 

9)  The  blow-in-door'  ejector- reverser  has  been  designed  to 
house  the  thrust  reverser,  thus  utilizing  structure  already 
available. 

10)  The  fuel  control  for  the  gas  generator  and  the  duct  heater 
are  combined  in  a  common  housing  using  common  input 
sensors. 

11)  Material  usage  was  optimized  to  provide  minimum  weight 
by  selection  of  the  best  available  materials.  Extensive  use 
was  made  of  titanium  throughout  the  low  temn^raturc  regions 
of  the  engine  and  of  high-strength,  big h- temperature  materials 
in  the  high-pressure  compressor,  burner  and  turbine  sections. 

3.  WEIGHT  SCALING 

Engine  weight  as  a  function  of  engine  air t lou  was  supplied  to  the  air¬ 
frame  companies  to  assist  them  in  selecting  the  proper  engine  size. 

Data  on  engine  center  of  gravity  and  mass  moment  of  inertia  were  also 
supplied.  A  study  was  made  to  determine  the  effect  of  cruise  Mach 
number  on  engine  weight  and  the  information  was  supplied  to  both 
airframe  companies. 

•1.'  TURBOJET  WEIGHT  ANALYSIS 

Three  advanced  lightweight  single-spool  turbojet  engines  were  evalu¬ 
ated.  The  three  configurations  are:  a)  STJ221,  a  nonaugmented 
turbojet:  t)  the  STJ222,  c  fully  augmented  afterburning  turbojet;  and 
c)  the  STJ227,  a  partially  augmented  turbojet.  These  enuine  s  were 
studied  in  basic  sizes  designed  to  have  the  Sam-.  transonic  thrust,  and 
weight  scale  factors  were  calculated  to  pcrir.it  scaling  over  a  range  of 
airflow  sizes.  Figure  17-3  summarizes  the  i  *- Unrated  dry  weights  of 
the  above  turbojets.  The  STF219  is  listed  for  comparative  purposes. 
Est’mates  of  weights  lor  aU  engines  were  made  in  a  consistent  manner 
with  equivalent  equipment  included.  The  Mach  number  capability, 
nozzle  performance,  and  the  state-of-the-art  aerodynamic  and  me¬ 
chanical  design  were  maintained  at  the  same  level.  Figures  17-6 
through  17-8  summarize  the  weight  scale  factors  for  the  basic  engines 
including  the  ejector- reverser. 
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MIXED  FI  OW  AFTERBURNING  TURBOFAN 

A  mixed  flow  afterburning  lurbofan,  the  STF223,  was  briefly  evaluated. 
Since  the  cycle  was  eliminated  from  consideration  by  Boeing  and  Lock- 
heed  early  in  Phase  II-A,  no  further  design  study  or  weight  analysis 
was  done  for  this  engine 


D.  VALUE  ENGINEERING 

During  Phase  II-A,  four  value  engineers  were  assigned  full  time  to 
the  SST  program.  Their  efforts  were  supplemented  by  assistance 
from  the  Production  Engineering,  Industrial  Engineering  and  Pur- 
c basing  Departments.  The  work  accomplished  is  summarized  in  the 
following  paragraphs. 

Parametric  studies  were  completed  on  the  relative  price  versus  air¬ 
flow  for  the  STF219,  STJ22?,  and  STJ222  engines,  as  shown  in  Figure 
17-°.  The  results  of  these  studies  were  supplied  to  Boeing  and  Lockheed 
as  input  data  for  their  direct  operating  cost  studies. 

these  curves  were  generated  by  estimating  the  cost  of  each  of  the 
engines  in  the  design  airflow  size.  A  sampling  of  purchased  finished 
parts  and  raw  material  forms  with  dimensional  scale  factors  to  cover 
the  airflow  range  were  die:,  sent  to  vendors  through  die  Purchasing 
Department  for  price  estimates.  Based  on  these  estimates,  data 
were  developed  to  scale  both  raw  material  and  purchased  iinished 
parts  costs  over  the  total  airflow  range  of  350  to  900  pounds  per  second. 
Similar  type  ~.ates  were  generated  for  the  machine  shop  and  assem¬ 

bly  labor  by  the  Production  and  Industrial  Engineering  Departments. 

The  cost  versus  airflow  data  were  then  applied  to  the  basic  engine  cost, 
which  was  in  turn  converted  to  price  by  the  Accounting  Department. 

A  study  to  determine  the  effect  of  flight  speed  on  price  was  completed 
from  Mach  2.  C>  to  Mach  3.  0  and  the  results  are  shown  in  Figure  17-10. 
These  results  were  achieved  by  a  detailed  review  of  materials  elec¬ 
tion  with  the  Design,  Design  Analysis  and  Engineering  Metallurgy 
Groups.  The  effect  of  the  flight  speed  on  the  materials  selection  was 
determined,  and  the  engine  costs  were  adjusted  to  reflect  the  materials 
changes.  The  relative  price  versus  Mach  number  curve  is  applicable 
to  all  engines. 
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As  part  of  the  Phase  II-A  program,  the  Value  Engineering  Group  worked 
closely  with  the  SST  Design  Group  re  viewing  preliminary  layouts  and 
recommending  more  economical  design  solutions.  Economic  evalua¬ 
tions  were  performed  for  the  Design  and  Project  Groups  to  assist  them 
in  the  selection  ol  design  solutions  that  assured  the  maximum  in  value. 
These  studios  included  cost-weight  trade-offs  for  alternate  disk,  shaft 
and  major  case  materials. 

During  Value  Engineering's  design  review,  experts  from  Product'on 
Engineering's  Advanced  Methods  Croup  and  the  Weld  Development 
Laboratory  were  contacted  regarding  the  machining,  fabrication  ar.d 
welding  of  the  advanced  materials  being  considered.  Eased  vi  these 
meetings  with  Production  Engineering,  at  which  all  major  er.g'ne  parts 
were  reviewed,  recommend  tions  regarding  construction  were  made 
and  evaluated  to  assure  that  the  designs  were  consistent  with  the  latest 
manufacturing  techniques.  Some  of  the  new  techniques  which  were 
considered  included  electron  beam  welding,  flc-turning,  electric 
discharge  machining,  electrical-chemical  machining,  and  explosive 
forming. 

Specially  vendors  were  rmitjctcc  t”  ..-••uss  the  use  and  economics  of 
specially  products  and  piu  cesse -  .  •.  s contact-  included  items  such 

as  cooled  turbine  blades,  c  -ohm  v  variable  ; ta  ors,  honeycomb 

and  wire  mesh.  Meetings  v.i  r  :  ■  '  .  wi  n  p«»*e.  lial  suppliers  of  the  main 
control  system  to  discus-  the  <  ,•<  ,  co=t  fuel  flow,  environmental 

temperature  ,.nd  m  !  temnt  r.>:  . •■■■ 

Throughout  the  Phase  pr«>gi.  :n  tht  on  Lrninary  planning  estimates 

on  all  engines  under  cor.s.deratna,  w  •  :  e  revised  as  the  designs  were 
modified,  and  the  Projet  t  Manage  1  was  Kept  informed  eeklv  as  to 
the  relative  and  total  cost  status. 

Simultaneously  with  preliminary  costs  tor  planning  purpot  es,  final 
cost  estimates  were  in  process.  Components  that  represented  more 
than  80  per  cent  of  the  engine  costs  .  <  r<-  examined  i-i  detail.  Quota¬ 
tions  on  purchased  parts  and  raw  material  were  obtained  from  vendors 
with  experience  in  working  with  the  advanced  materials  required  for 
the  SST.  Vendors  currently  supplying  hardware  for  the  J  f  1  ID-30 
engine  were  contacted  and  asked  to  provide  cost  estimates  on  these 
parts  in  high  volume.  These  estimates,  along  wtln  quotations  on  a 
sampling  of  SST  hardware  and  the  standard  cost  data  on  uU  current 
production  engines,  were  correlated  and  used  as  the  basis  for  produc¬ 
tion  prices. 
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E„  MAINTAINABILITY 


1.  INTRODUCTION 

This  section  presents  a  discussion  of  the  maintenance  features  of  the 
STF219  powerplant.  The  maintainability  effort  applied  in  the  design 
phase  is  discussed,  including  a  brief  comparison  of  the  maintainability 
aspects  of  the  various  powerplants  studied.  Specific  design  features  of 
the  STF219  which  facilitate  both  scheduled  and  unscheduled  maintenance 
requirements  are  discussed  in  detail.  This  discussion  is  oriented  to¬ 
ward  flight  line  maintenance,  field  repair  and  overhaul  requirements 
expected  for  the  SST  powerplant.  The  major  component  assembly 
procedures  and  their  associated  figures  presented  in  Item  2  of  this 
report  will  help  to  clarify  the  descriptions  of  specific  maintenance 
features  described  in  this  section. 

2.  MAINTAINABILITY  ENCINFERING 

The  engines  proposed  for  the  SST  powerplant  have  been  designed  with 
careful  consideration  ~iven  to  inherent  maintainability  features.  Pratt 
&  Whitney  Aircraft's  extensive  experience  with  turbofan  and  turbojet 
engines  was  called  upon  to  establish  the  maintenance  concept  for  the 
SST  powerplant.  Service  records  provided  maintenance  and  overhaul 
experience  used  to  establish  the  maintenance  requirements  for  the 
powerplant,  with  due  consideration  for  the  operating  conditions  of  the 
SST. 

The  study  engines  considered  in  Phase  II-A  were  constantly  reviewed 
by  the  Maintainability  Engineering  Group  during  the  design  stages.  A 
preliminary  t asx  analysis  was  performed  on  each  powerplant  to  assure 
that  the  maintenance  requirements  could  be  met  with  minimum  down 
time  and  maximum  safety  for  maintenance  personnel.  Uncomplicated 
assembly  procedures,  resulting  from  unit  component  construction  features, 
simplify  maintenance  tasks  and  minimize  the  personnel  skill  requirements 
in  ail  levels  of  maintenance.  No  new  maintenance  techniques  or  skills 
are  required;  therefore,  the  engine  may  be  maintained  by  existing 
aircraft  powerplant  crews  with  minimum  additional  training.  The  spec¬ 
ial  tooling  requirement  and  the  ground  equipment  v.-ill  be  similar  to  that 
used  on  current  .slants. 
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3.  COMPARISON  OF  VARIOUS  DESIGNS 


The  basic  engine  maintenance  requirements  of  all  the  powerplant  studies 
are  the  same.  The  augmented  engines  require  some  additional  main¬ 
tenance  for  the  afterburning  or  duct  healing  system.  Flight  line  main¬ 
tenance  requirements  can  be  met  equally  well  with  all  the  designs. 

Those  requirements,  which  would  be  accomplished  with  the  powerplant 
removed  from  the  aircraft,  i.e.  hot  section  inspection  or  field  repair, 
present  only  a  small  additional  disassembly  procedure  for  the  duct 
heating  engines  since  the  ducts  can  be  c-asiiy  removed. 


I 


4.  FLIGHT  LINE  MAINTENANCE 


The  ability  to  satisfy  flight  line  maintenance  requirements  depends  up¬ 
on  the  installation  in  the  aircraft,  and  detailed  co-ordination  with  the 
airframe  manufacturer  has  been  performed  to  achieve  the  full  maintain¬ 
ability  potential  of  the  engine  design.  Design  features  which  facilitate 
the  accomplishment  of  flight  line  maintenance  requirements  for  the 
STF219  turbofan  powerplant  are  discussed  below. 

Visual  inspection  of  the  exhaust  section  may  be  readily  performed.  In¬ 
spection  of  the  engine  inlet  is  complicated  by  the  design  of  the  aircraft 
inlet  and  may  require  the  use  of  special  tooling.  Borescope  provisions 
will  be  incorporatecTTn-the  STP'219  design  to  facilitate  this  inspection 
as  required.  The  powerplant  design  does  not  require  an  inlet  case  and 
thus  eliminates  the  need  for  inlet  case  maintenance.  This  feature  also 
eliminates  the  anti-icing  requirement  and  facilitates  inspection  of  the 
low  compressor  for  foreign  object  damage. 

The  engine  accessory  gearbox  is  presently  considered  in  two  alternate 
locations  to  satisfy  the  different  airframe  manufacturers.  The  acces¬ 
sibility  of  the  engine  supplied  controls  and  filters,  therefore,  depends 
upon  the  installation,  and  these  requirements  have  been  co-ordinated 
with  the  airframe  manufacturers.  In  either  location  clearance  for  in¬ 
spection,  adjustment,  or  removal  of  the  mam  oil  strainer,  fuel  filters, 
and  engine  supplied  accessories  is  provided  by  the  powerplant  design 
and  is  considered  by  the  3irframe  design.  The  design  will  employ 
quick-disconnect  mounting  where  necessary  to  permit  simplified  re¬ 
moval  of  individual  engine  supplied  accessories.  The  design  provides 
a  power  take-off  pad  for  the  wing  mounted  airframe  accessories. 
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need  for  replacement.  With  the  combustion  inner  liner  moved  forward,  the 
first-stage  nozzle  inner  case  may  be  telescoped  forward  to  expose  the 
first-stage  turbine  rotor.  The  front  seal  disk  and  disk  rim  air-seal  . 
ring  may  then  be  moved  forward.  The  retaining  ring  holding  the  blades 
in  the  disk  is  then  removed  and  any  damaged  blades  may  be  replaced. 

All  turbine  blades  are  moment-weight  classified  and  may  be  replaced 
in  pairs  without  rebalancing  the  rotor. 

The  replacement  of  the  combustion  liners  is  considered  under  the  re¬ 
pair  concept  described  below.  It  should  be  noted  that  the  use  of  an  an- 
'ul a-r  burner  presents  a  more  durable  combustion  chamber  and  provides 
'  more  uniform  temperature  pattern,  thereby  reducing  the  frequency 
of  unscheduled  turbine  maintenance.  This  burner  design  permits  a 
.horter,  lighter  engine  and  is  a  major  factor  in  permitting  the  use  of 
two  bearings  for  the  support  of  each  rotor.  This  reduces  bearing  com¬ 
partment  maintenance  and  greatly  facilitates  component  disassembly. 

6.  FIELD  REPAIR 


The  design  of  the  major  components  of  the  STF219  engine  greatly  fac¬ 
ilitates  disassembly  of  the  engine.  This  feature  makes  even  the  remote 
areas  of  the  engine  readily  accessible  for  maintenance  action  should  the 
need  arise.  The  major  units  of  disassembly  are  shown  in  Figure  17-12. 

The  absence  of  an  inlet  case  permits  ease  of  inspection  of  the  blades 
and  vanes  of  the  entire  low-pressure  compressor,  which  consists  of 
two  fan  stages.  Should  excessive  foreign  object  damage  be  evident,  tha 
entire  low  compressor  may  be  removed  as  a  unit  for  maintenance.  Any 
damaged  blades  or  vanes  may  be  individually  replaced,  and  the  rotor 
stages  rebalanced.  This  feature  permits  the  reassembly'  of  the  fan 
rotors  without  subsequent  rebalancing  of  the  complete  low  rotor  assembly. 

The  high  and  low  rotor  thrust  bearings  are  accessible  after  the 
fan  rotors  are  removed.  The  front  bearing  support  is  unbolted  from 
the  intermediate  case.  Then,  with  a  proper  restraining  fixture  applied 
to  the  low  turbine,  the  low  rotor  coupling  bolt  is  unthreaded  driving  the 
front  hub,  bearing  support  and  No.  1  bearing  and  seal  forward  as  a  unit. 

The  high  rotor  thrust  bearing  (No.  2  bearing)  may  be  subsequently  re¬ 
moved  with  little  additional  disassembly.  The  intershaft  seai  assembly 
is  removed  from  the  intermediate  case,  and  the  retaining  nuts,  seal 
plate  and  towershaft  drive  gear  are  withdrawn  from  the  high  compres¬ 
sor  front  hub.  The  intermediate  case  is  then  unbolted  from  the  high 
compressor  case  and  removed  forward  carrying  the  No.  2  bearing  and 
seal.  Theso  units  may  then  be  disassembled  from  the  intermediate 
case  for  maintenance  if  necessary. 
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The  condition  of  the  ignition  system  can  be  determined  by  testing  the 
igniter  plugs  individually  for  spark  without  disassembly  of  the  plugs  or 
engine  cases.  These  igniter  plugs  may  also  be  readily  removed  for  in¬ 
spection  or  replacement  as  required  without  case  or  duct  disassembly. 

Exhaust  gas  temperature -measuring  thermocouple  probes  are  designed 
and  located  in  a  manner  which  permits  the  use  of  calibrating  equipment 
without  running  the  engine.  A  connector  is  supplied  on  the  engine  to 
provide  a  means  of  checking  continuity  of  individual  thermocouple  leads 
without  removing  the  thermocouple  harness  from  the  engine. 

5.  HOT  SECTION  MAINTENANCE 

Careful  attention  was  given  during  design  to  provide  ready  accessibility 
to  the  burner -turbine  area.  The  maintenance  actions  required  for  both 
scheduled  and  unscheduled  hot  section  maintenance  are  described  below 
and  a  re  illustrated  in  Figure  17-11. 

The  duct  outer  liner  and  ejector  nozzle  case  and  structure  may  be 
readily  removed  as  a  unit.  The  duct  inner  liner,  positioned  over  the 
burner  and  turbine  cases,  is  then  withdrawn  by  removing  radial  screws 
and  sliding  it  aft.  The  aerodynamic  flameholder  and  main  burner  igni¬ 
ters  may  be  unfastened  from  the  engine  case  and  the  intermediate  duct 
section  removed  in  ai.  aft  direction.  The  duct  inner  liner,  positioned 
over  the  diffuser  case,  is  then  removed  in  an  aft  direction  to  provide 
access  to  the  fuel  manifold  and  fuel  nozzles.  The  fuel  nozzles  may  be 
individually  removed  for  inspection  or  replacement. 

To  inspect  the  combustion  liners,  first-stage  nozzle  vanes,  and 
first-stage  t  .rbine  blades,  it  is  necessary  to  gain  access  to  the  internal 
engine  structure.  This  is  accomplished  by  unbolting  the  burner  rear 
c.isc  and  telescoping  it  in  an  aft  direction  over  the  turbine  case.  The 
alt  portion  of  the  combustion  outer  liner  is  then  telescoped  forward  in¬ 
side  the  diffuser  case  to  expose  the  combustion  chamber  and  first-stage 
nozzle  vanes  for  inspection.  The  first-stage  nozzle  vanes  may  be  indi¬ 
vidually  removed  by  telescoping  the  combustion  inner  liner  in  a  forward 
direction.  fi.<  vanes  then  may  be  withdrawn  in  a  forward  direction  out 
of  the  inner  torque  ring.  With  several  adjacent  vanes  removed,  the 
first -stage  turbine  blades  may  be  readily  inspected. 

The  design  of  the  STF21V*  permits  replacement  of  the  first -stage  turbine 
blades  with  little  additional  disassembly,  should  inspection  indicate  the 


PACE  no  17-18 


CONFIDENTIAL. 


*''»ATT 


WHITNEY  AIRCRAFT 


CONFIDENTIAL. 


PWA-2397 


The  low  rotor  rear  bea  oing  (No.  4  bearing)  and  seal  are  exposed  when 
the  turbine  exhaust  section  is  removed.  The  bearings  and  seals  may 
then  be  stripped  from  the  low  turbine  shaft. 

The  entire  low-pressure  turbine,  with  the  exception  of  the  second  stage 
nozzle  vanes,  may  be  removed  and  replaced  asr  a  unit  without  the  need 
for  rebalancing.  This  unit  may  be  disassembled  from  the  engine  while 
attached  to  the  turbine  exhaust  section  or  after  that  section  is  removed. 
The  rear  turbine  case  must  be  unbolted  from  the  front  turbine  case 
and  the  rotor  coupling  nut  unthreaded  to  jack  the  low  turbine  unit  away 
from  the  engine.  Second  stage  vanes  are  then  individually  replaceable. 

The  removal  of  high  turbine  blades  was  described  under  Hot  Section 
Maintenance  above.  An  alternate  means  would  be  to  remove  them 
with  the  high  turbine  disk.  With  the  low  turbine  removed,  the  front 
turbine  case  may  be  unbolted  from  the  burner  rear  case  and  removed 
carrying  the  second  stage  nozzle  vanes.  The  high  turbine  rotor  may 
then  be  removed  in  either  of  two  ways.  The  rotor  and  shaft  may  be 
removed  as  a  unit  carrying  the  bearing  and  aft  seal  with  it.  In  this 
case,  the  aft  seal  must  be  unbolted  from  the  bearing  support  by  gaining 
access  through  the  combustion  section  as  discussed  in  the  hot  section 
maintenance  procedures.  The  alternate  method  would  be  to  separate 
the  high  turbine  rotor  from  the  shaft  and  remove  the  disk  and  blades 
as  a  unit. 

The  removal  and  replacement  of  both  turbine  units  may  be  accomplished 
without  removing  either  compressor.  Replacement  of  turbine  blades  is 
thus  simplified.  All  turbine  blades  are  moment -weight  classified  and 
may  be  replaced  in  pairs  without  rebalancing  the  rotor. 

When  both  turbine  units  are  removed  the  high  rotor  rear  bearing  (No. 

3  bearing)  compartment  is  readily  accessible  for  maintenance.  The 
bearing  and  rear  seal  are  removed  with  the  turbine  hub  as  described 
above.  The  bearing  support  may  then  be  removed  to  expose  the  fittings 
on  the  bearing  compartment  oil  lines.  After  disconnecting  these  fittings 
the  front  compartment  seal  may  be  removed.  The  accessibility  of  this 
bearing  is  greatly  improved  over  previous  twin  spool  engine  designs. 

The  three-piece  combustion  chamber  liner  may  be  removed  after  the 
low  turbine  unit  and  high  turbine  rotor  have  been  disassembled  from  the 
engine.  The  two-piece  nozzle  inner  case,  vane  outer  support  ring,  and 
first-stage  nozzle  vanes  may  be  removed  as  a  unit.  The  aft  portions  of 
the  combustion  inner  and  outer  liners  may  then  be  withdrawn  from  the 
engine.  The  fuel  nozzle  adapters  and  liner  retaining  pins  are  then  re¬ 
moved,  and  the  forward  combustion  liner  can  be  withdrawn  in  an  aft 
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direction.  An  alternate  design  of  the  combustion  liners  is  being  studied 
in  an  effort  to  permit  liner  removal  without  turbine  disassembly.  This 
will  be  done  through  the  use  of  an  axially  split  structure.  Any  main¬ 
tainability  gains  resulting  from  this  study  will  be  evaluated  with  regard 
to  their  effect  on  performance,  cost,  reliability  and  weight  before  con¬ 
sidering  this  design  for  incorporation  into  the  final  powerplant  design. 

7.  OVERHAUL 

The  component  disassembly  features  described  above,  plus  the  fact  that 
the  engine  can  be  disassembled  in  either  a  horizontal  or  vertical  posi¬ 
tion,  simplify  overhaul  procedures.  A  more  detailed  discussion  of  the 
assembly  procedures  is  presented  in  Item  2  of  t  report. 

8.  MAINTENANCE  PLAN 

The  design  features  discussed  above  describe  the  maintenance  capability 
of  the  engine.  The  Pratt  &  Whitney  Aircraft  maintenance  plan  for  the 
selected  powerplant  will  be  presented  in  our  commercial  engine  publication 
as  defined  in  ATA  Specification  No.  100.  This  plan  will  be  published 
six  to  eight  months  prior  to  initial  scheduled  operation.  This  mainten¬ 
ance  plan  ill  subsequently  be  rev;-,  wed  by  a  maintenance  review  board 
composed  of  members  from  the  participating  airlines,  the  Federal 
Aviation  Agency,  and  Pratt  4?  Whitney  Aircraft.  At  this  time  specific 
maintenance  requirements,  tasks  aid  frequencies  will  be  established. 

Any  subsequen*  revisions  to  the  maintenance  plan  will  be  subject  to 
approval  of  the  Federal  Aviation  Agency. 


F.  SAFETY 


I,  INTRODUCTION 

A  primary  objective  of  the  overa)!  development  program  is  safety.  Ex¬ 
tensive  effort  is  directed  toward  this  end.  During  the  Phase  II-A  per¬ 
iod,  the  safety  aspects  of  the  engine  design  were  monitored.  The  need 
for  fail-safe  and  ledundant  ieaturcs  was  considered,  and  recommend¬ 
ation".  were  made  for  inclusion  of  these  features  into  the  design. 

The  following  sections  present  a  detailed  report  of  the  continued  effort 
to  enhance  safety  for  the  SST  powerplant  under  Phase  II-A. 
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2.  MONITORING  THE  SAFETY  ASPECTS  OF  ENGINE  DESIGN 


During  the  failure  .node  analysis,  discussed  in  the  Reliability  Section, 
the  various  failure  modes  were  analyzed  as  to  their  effect  on  flight 
safety.  The  design  criteria  were  reviewed  as  to  their  adequacy  in  re¬ 
ducing  the  probability  of  such  failures  occurring  which  would  affect 
flight  safety.  Every  effort  was  made  in  the  design  reliability  review  to 
assure  that  possible  failures  are  contained  and  their  consequences 
neutralized  or  prevented  from  progressing  into  a  more  serious  failure. 


The  detailed  component  design  layouts  were  reviewed  from  a  flight 
safety  point  of  view  as  well  as  other  reliability  considerations.  With 
the  aid  of  commercial  in-flight  shutdown  summaries  for  various  Pratt 
&  Whitney  Aircraft  engines,  particular  attention  was  brought  to  bear  on 
those  areas  where  particular  failures  in  service  resulted  in  in-flight 
shutdowns.  Investigations  were  conducted  to  assure  that  design  im¬ 
provements  have  been  incorporated  in  these  areas  that  would  reduce 
the  probability  of  similar  failures  in  the  SST  engine. 


Where  feasible,  fail-safe  features  and  redundancy  have  been  considered 
and  recommended  to  assure  that  ceitain  failures  do  not  result  in  a  more 
hazardous  condition  affecting  flight  safety. 


3.  FAIL-SAFE  AND  REDUNDANT  FEATURES 

The  fail-safe  and  redundant  features  of  the  STF219  engine  are  as  fol¬ 
lows: 

•  The  rotors,  cases,  mounts,  and  bearing  supports  are  designed  to 
withstand  the  dynamic  loads,  induced  by  rotor  imbalance  caused  by 
blade  failure,  of  a  peak  magnitude  equivalent  to  the  static  load  of 
ten  per  cent  of  the  blades  of  any  one  stage. 

•  Fan  blade  chords  have  been  established  that  will  provide  adequate 
structural  durability  in  the  event  of  bii-d  ingestion. 

•  In  accordance  with  FAA  requirements,  engine  cases  are  designed 
to  contain  blades  in  the  event  of  blade  failure. 

•  Abradable  shrouds  are  used  over  the  compressor  and  fan  blades  where 
blade  rub  could  occur. 
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•  In  case  of  excessive  axial  movement  of  the  rotors,  rubbing  will 
occur  at  the  heavy  rim  section  rather  than  at  the  thinner  web. 
section  of  a  disk.  This  will  maintain  disk  integrity  and  prevent 
the  disk  from  bursting  as  a  result  of  separation  of  the  heavy  rim 
section  from  the  web  and  bore. 

•  The  variable  stator  behind  the  second  fan  rotor,  used  as  an 
aerodynamic  braking  deyice,  is  aerodynamically  balanced 

in  the  open  position  or  normal  engine  operation.  In  addition,  a 
mechanical  lock  is  provided  in  the  actuator  to  keep  the  vanes  in 
the  open  position.  ’ 

•  Anti-icing  problems  and  the  possible  failure  of  inlet  struts  after 
long  exposure  to  hot  anti-icing  air  are  eliminated  because  the  engine 
idoes  not  require  inlet  case  struts- 

•  A  steel  sleeve  is  used  at  all  thrust  bearing  locations.  In  the  event 
of  bearing  failure,  this  sleeve  will  provide  protection  against  the 
high  temperatures  and  stresses  that  otherwise  might  seriously  re¬ 
duce  the  strength  of  the  shaft.  In  addition,  this  sleeve  facilitates 
cooling.  Failure  of  the  more  lightly  loaded  radial  bearings  is  not 
considered  critical  to  the  integrity  of  the  shaft. 

•  Main  shaft  splines  are  kept  a  safe  distance  from  main  bearing  areas. 
In  this  way,  in  case  of  a  bearing  failure,  the  load  carrying  capacity 
of  the  splines  will  not  be  seriously  impaired  by  the  beat  generated 
by  the  failure. 

•  In  the  unlikely  event  of  a  main  shaft  failure,  braking  of  the  turbine 
rotor  sufficient  to  preclude  disk  burst  will  lake  place.  This  is 
accomplished  in  the  design  by  ensuring  that  the  free  turbine  rotor, 
as  it  moves  rearward  due  to  the  resultant  axial  thrust  on  it,  does 
not  "hang  up"  on  any  stationary  member  that  could  provide  a  tem¬ 
porary  bearing  surface.  Contact  is  designed  to  occur  initially  be¬ 
tween  the  blades  and  vanes,  studies  and  tests  have  shown  that  this 
will  stop  the  turbine  rotor  before  disk  burst  speeds  are  reached. 

•  All  main  bearing  carbon  seals  have  back-up  labyrinth  seals  that  would 
restrict  hot  gases  from  entering  bearing  compartments  and  possib’y 
causing  a  fire  in  the  event  of  carbon  seal  failure. 

•  Oil  coolers,  fuel  heaters,  and  all  main  filters  are  provided  with  by¬ 
pass  valves  which  open  when  pressure  increases  to  a  prescribed 
level  as  the  result  of  plugging  by  contaminants . 
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•  A  fully  redundant  main  oil  filter  system  is  used.  Two  filters  are 
utilized  with  one  intended  as  a  stand-by  unit,  operating  .only  in  the  1 
event  of  plugging  of  the  primary  filter.  Each  filter  is  provided,  with 
pressure  taps  to  which  a  cockpit  warning  light  system  can  be-coftr  *. 
nected.  Thus  the  pilot  can  be  warned  if  filters  become  plugged. 

•  A  shield  between  the  duct  outer  liner  and  '  he  rear  mount  ring 
ha;<  been  incorporated  to  protect  the  rear  mount  ring  in  the  event 
of  an  overtemperature  of  the  liner  during  augmentation.  Addi¬ 
tionally,  the  shield  improves  turbine  blade  containment  capabil¬ 
ity. 

•Both  inner  and  outer  ends  of  the  first-stag'  turbine  nozzle  vanes  are 
retained  so  that  in  the  event  of  a  burn-through  the  vane  will  be  prevented 
from  passing  through  the  turbine  causing  further  damage. 

•  The  engine  starter  is  mounted  on  the  airframe-furnished  gearbox. 
However,  a  shear  section  in  the  starter  drive  will  be  recommended 
to  the  airframe  manufacturer  to  minimize  damage  to  the  critical  in¬ 
ternal  engine  parts  in  case  the  compressor  is  not  free  to  rotate 
during  .parting  as  i  result  of  obstruction  or  binding. 

•  A  redundant  ignition  system  is  used.  The  engine  main  burner  has 
two  spark-ignii'-- rs  and  two  ignition  exciters,  although  only  one  of 
each  is  normally  used  for  ignition.  Automatic  ignition  is  provided 
for  restart  in  case  of  engine  ilame  >ut. 

•  The  twelve  reverser  Haps  art-  operated  by  an  individual  actuator 
for  each  flap.  Tnus,  if  one  or  more  of  the  actuators  or  linkages 
should  fail,  only  .he  reverser  capability  of  the  affected  flaps  would 
result.  In  the  e-.-ent.  that  failure  of  the  actuation  system  should 
occur  during  reversing  operation,  the  reverser  flaps  have  been 
designed  to  return  to  the  stowed  position  by  pressure  balance. 

•  The  exhaust  nozzle  actuation  linkage  is  designed  to  pro%dde  proper 
actuation  of  the  nozzle  flaps  even  with  the  failure  of  as  many  as  half 
of  the  actuation  cylinders-  Axially  and  circumferentially  located 
rollers  on  the  unison  ring  prevent  cocking  and  binding  of  the  ring 

as  a  result  of  un  symmetrical  loading  because  of  actuation-cylinder 
malfunction  or  any  ether  cause.  This  is  also  characterisit,c  of 
reverser  flap  actuation  system. 

s  The-  exhaust  nozzle  is  designed  to  open  in  the  event  of  complete' ac¬ 
tuation  lailurc,  the «  preventing  excessive  back  pressure  on  the  fan 
and  a  dangerous  situation  in  the  augmenting  condition. 
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©  In  case  of  duct  heater  flamccd,  dangerous  overspend  is  not  a  matter 
of  concern  because  duct  flow  is  separate  from  engine  flow  and  the 
pressure  ratio  across  the  turbine  would  remain  unchanged. 


©A  mechanical  lock  is  incorporated  i  x  reverser  actuators  to  keep 
the  reverser  flaps  in  the  stowed  position  during  normal  engine 
operation. 

*  The.  reverser  flaps  can  not  be  actuated  until  (and  unless)  the  blow-in 
doors  are  open  to  create  the  reverse  exhaust  nozzle. 
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WEIGHT  SUMMARY  FOR  BOEING  INSTALLATION 

ST^2]9-B 

Airflow  =  64  0  Ib/sec 


Fan  rotor,  stator,  rase  and  front  mount 
Intermediate  case 

High-pressure  compressor  rotor,  stator,  case 
Diffuser  and  burner 
Turbine  rotor,  stator,  and  shaft 
Turbine  exhaust 

Ducts.  liners  and  variable  area  nozzle 

Blow-in-door  ejector- reverser 

Control  components  and  plumbing 

Lube  system  and  gearbox 

Total  estimated  dry  engine  weight 

-Additional  equipment  and  insta.lation  features 

Engine  Specification  Weight 


725:  lb- 


2000 


9250  lb 


9790  lb 


^Includes  the  following  it*  ms- 

1.  Lengthened  ducts  and  ejector  system  to  expose  rear  mount 
ring 

2.  Common  fuel  inlet  manifold 

?.  Reverser  mill  thrust  capability 

4.  Additional  tower  shaft  {power  take-off) 

5.  Secondary  air  ducts  {and  vahos) 


6.  Strengthened  front  mount  capable  of  supporting 


7.  Ejector  (.umbered  six  degrees  from  engine  centerline 

8.  Pro\  iyyns  tor  supplying  air  for  in'et  an  ti- icing 


Figure  17 
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WEIGHT  SUMMARY  FOR  LOCKHEED  INSTALLATION 

STF219-L 

Airflow  =  700  Ib/sec 


Fan  rotor,  stator,  case  and  front  mount  792  lb 

Intermediate  case  72] 

High-pressure  compressor  rotor,  stator,  case  727 

Diffuser  and  burner  1036 

Turbine  rotor, stator,  and  shaft  1570 

Turbine  exhaust  .272 

Ducts,  liners  and  variable  area  nozzle  18  14 

Blow -in -door  ej e c t o r- r e v e r s e r  20 80 

Control  components  and  plumbing  84  3 

Lube  system  and  gearbox  350 

Total  estimated  dry  engine  weight  10,  225  Jb 

❖Additional  equipment  and  installation  features  130 

Engine  Specification  Weight  20,  355  lb 

❖Includes  the  following  items 


1.  Additional  towershaft  and  angle  gearbox  for  aircraft  use 


Fuel  filter  and  fuel  heater 
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COMPARISON  UF  ENGINE  WEIGHT  AND  SIZE 


Engine 

Designation 

Airflow, 
lb/ sec 

Dry  Wright, 
pounds 

Ejector  Diamete 
inches 

STF2  19 

600 

8400 

76.  3 

STJ221 

690 

1  2600 

87.  0 

STJ222 

950 

8  300 

71.8 

STJ227 

690 

1 1900 

87.  0 

Figure  17-5 
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RELATIVE  PRICE  (PLANNING  PURPOSES  ONLY) 


RELATIVE  PRICE  (PLANNING  PURPOSES  ONLY) 


BASED  ON  A  200  AIRPLANE  PROGRAM 
(DEVELOPMENT  COST  EXCLUDED) 


MACH  NUMBER 


ESTIMATED  RELATIVE  PRICE  VS  MACH  NUMBER  OF  SST  ENGINES 
INCLUDING  EJECTOR  REVERSE^  .  \  , 

Figure  17-10 
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